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ABSTRACT

Light oil and gas reservoirs are abundant in the Ordovician marine carbonate reservoir in Shunbei Oil-
field, Tarim Basin. This presents a compelling geological puzzle, as ultra-deep reservoirs undergo intense
alteration and complex petroleum accumulation processes. A comprehensive suite of geochemical an-
alyses, including molecular components, carbon isotope composition, homogenization temperature of
saline inclusions, and burial-thermal history of single wells, was conducted to elucidate the genesis of
these ancient reservoirs. Three petroleum filling events have been identified in the study area: Late
Caledonian, Hercynian-Indosinian, and Himalayan, through analysis of homogenization temperatures of
brine inclusions and burial-thermal histories. Additionally, the oil in the study area has undergone
significant alteration processes such as biodegradation, thermal alteration, mixing, evaporative frac-
tionation, and gas invasion. This study particularly emphasizes the influential role of Himalayan gas
filling-induced evaporation fractionation and gas invasion in shaping the present petroleum phase
distribution. Furthermore, analysis of light hydrocarbon and diamondoid parameters indicates the oil
within the study area is at a high maturity stage, with equivalent vitrinite reflectance values ranging from
1.48% to 1.99%. Additionally, the analysis of light hydrocarbons, aromatics, and thiadiamondoids indicates
that TSR should occur in reservoirs near the gypsum-salt layers in the Cambrian. The existence of the
Cambrian petroleum system in the study area is strongly confirmed when considering the analysis re-
sults of natural gas type (oil cracking gas), evaporative fractionation, and gas invasion. Permian local
thermal anomalies notably emerge as a significant factor contributing to the destruction of biomarkers in
oil. For oil not subject to transient, abnormal thermal events, biomarker reliability extends to at least
190 °C. In conclusion, examining the special formation mechanisms and conditions of various secondary
processes can offer valuable insights for reconstructing the history of petroleum accumulation in ultra-
deep reservoirs. This research provides a scientific foundation for advancing our knowledge of petroleum
systems and underscores the importance of hydrocarbon geochemistry in unraveling ultra-deep, com-
plex geological phenomena.
© 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/).

1. Introduction

world's first 10,000-m-deep well (He et al,, 2023). Subsequent
decades witnessed a surge in ultra-deep drilling. At present, sixty-

Advances in drilling technology have driven global petroleum
exploration towards ultra-deep regions, defined as reservoir depths
exceeding 6000 m. A pivotal milestone was the drilling of the Kola 3
well in the former Soviet Union in the 1970s. It reached a remark-
able vertical depth of 12,262 m, earning the distinction of being the
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seven wells with drilling depths exceeding 10,000 m are predom-
inantly clustered in oil-rich nations such as Russia, the United
States, Mexico, and the United Arab Emirates (Yao et al., 2018). In
addition to energy exploration, ultra-deep scientific drilling offers a
unique "window" for studying fluid dynamics, geothermal energy,
and seismic activity in the deep Earth.

China's ultra-deep petroleum resources are abundant and
highly prospective. These resources constitute approximately 34%
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of China's total petroleum reserves. At present, China's ultra-deep
petroleum resources primarily exist in carbonate reservoirs in
superimposed basins across central and western China, including
the Ordos Basin, Sichuan Basin, and Tarim Basin (Du et al., 2019;
Fang et al., 2024). Notably, the Tarim Basin has emerged as a focal
point. At present, several ultra-deep oil fields have been discovered,
including the Tahe, Halahatang, Lungu, Tazhong, Hudson, Fuman,
and Shunbei fields (Zhu et al., 2019; Wang et al., 2021, 2023; Qi
et al,, 2022; Zhang et al., 2022). Additionally, ZS1C well extracts
industrial petroleum from Cambrian carbonate reservoirs rich in
evaporites such as gypsum (Zhu et al., 2019). The TS5 well yielded
liquid hydrocarbons in the dolomite reservoir of the Sinian Qige-
bulake Formation (Z,q) at 9017 m (Cao et al., 2024). The existence of
effective pre-Cambrian source rocks has previously been met with
skepticism due to limitations in exploration and drilling technol-
ogies (Kontorovich et al., 2005). Nevertheless, recent break-
throughs in petroleum exploration have significantly affirmed the
exploration potential of ancient sedimentary reservoirs (Ordovi-
cian, Cambrian, and pre-Cambrian). Simultaneously, it suggests the
presence of more abundant organic organisms in the Precambrian,
which had conditions conducive to well-developed source rocks.

The Shunbei Oilfield is situated in the heart of the Taklimakan
Desert. In 2015, the SHB1-1H well in the No. 1 fault zone (F1)
produced significant industrial oil, marking the beginning of
another Palaeozoic marine oilfield with reserves of 100 million tons
in the Tarim Basin. Subsequently, abundant petroleum discoveries
were made in the Ordovician reservoirs (Oyj and O1.2y) across
fault zones F1, F2, F4, F5, F6, F7, F8, F10, F12, and F14 (Zhu et al.,
2019; Chen et al., 2021; Wang et al., 2021; Ma et al., 2022; Zhang
et al, 2024). Regional petroleum properties exhibit significant
variations, displaying a distinct distribution pattern known as
"south gas and north oil" (Chen et al., 2021). Previous studies pri-
marily focused on the geochemical characteristics and petroleum
filling events of fault zones F1, F2, F4, and F5 (Chen et al., 2021;
Wang et al., 2021). However, the geochemical characteristics and
petroleum filling events of fault zones F6, F8, F10, and F12 remain
unexplored. Additionally, previous studies focused mainly on in-
dividual fault zones, resulting in limited geochemical data from oil
samples and hindering a comprehensive evaluation of chemical
characteristics across the entire Shunbei Oilfield. Thus, a compre-
hensive analysis is necessary to elucidate the geochemical charac-
teristics across the entirety of the Shunbei Qilfield.

The study analyzed core, oil, and gas samples from fault zones
F6, F8, F10, F12, and F14 in the Shunbei Oilfield. Primary target
reservoirs comprise the Yingshan Formation (O;iy) and the
Yijianfang Formation (Oyj). A comprehensive analysis was con-
ducted, involving molecular components, carbon isotope compo-
sition, and a detailed examination of petroleum geochemical
characteristics and secondary processes within the study area.
Furthermore, the period and time of petroleum filling events were
determined by combining inclusion homogenization temperature
and burial-thermal history data. The study also analyzed the in-
fluence of various secondary processes on petroleum and identified
the main factors controlling petroleum accumulation. This detailed
characterization and analysis of the complex petroleum accumu-
lation process in the ultra-deep Tarim Basin provide valuable in-
sights for future exploration endeavors in ultra-deep petroleum.

2. Geological setting

The Tarim Basin, a significant superimposed basin, comprises
Paleozoic marine craton and Meso-Cenozoic continental forma-
tions. Its geological history spans four pivotal tectonic evolution
stages (Chen et al., 2021). Initially, during the early Caledonian
period, the basin underwent a paleo-uplift embryonic stage. This
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phase transitioned into the mid-late Caledonian-early Hercynian
stage, marked by further uplift formation. Subsequently, during the
late Hercyan-Indosinian period, it entered the "fault-uplift" devel-
opment stage. Finally, the basin underwent a Yanshanian-
Himalayan adjustment and shaping phase. The interplay of multi-
ple extrusions and tensile stress shaped the basin into its current
diamond-shaped geomorphology (Fig. 1(a)).

Located in the Shuntuoguole (STGL) low uplift, the Shunbei
Oilfield is nestled in the Taklimakan Desert. It lies between the
Tabei and Tazhong uplifts to the north and south, and the Manjiaer
and Awati depressions to the east and west, respectively (Fig. 1(b)).
Recent research highlights the Cambrian Yuertusi Formation (€1y)
as the primary source rock in this region (Zhu et al., 2020; Qiao
et al., 2024a). Multi-stage inherited strike-slip faults, influenced
by multi-stage compressive stress, controlled the migration and
accumulation of petroleum (Ma et al., 2022).

An area of about 3.2 x 10% km?, the STGL low uplift represents a
stable tectonic unit. Its sedimentary strata show comprehensive
development, with occasional missing strata noted within certain
groups or segments (Fig. 1(c)). Within the Ordovician formations,
including the Penglaiba Formation (O1p), Yingshan Formation (O1.
2¥), Yijianfang Formation (O,yj), Qiaerbake Formation (O3q), Lian-
glitage Formation (Osl), and Sangtamu Formation (Oss). Notably,
the carbonate rocks of O,yj and Oq.y serve as primary targets for
petroleum exploration, with burial depths ranging from 7200 to
8800 m. These formations show an unconformable contact with the
upper Ordovician Series, and the O3q formation is notably absent in
certain areas (Fig. 2).

3. Samples and methods
3.1. Samples

Research focused on the F6, F8, F10, F12, F14, and F16 petroleum
reservoirs in the Shunbei Qilfield was selected as the research ob-
ject. A total of 18 natural gas samples, 19 oil samples, and 8 core
samples were collected for analysis. Further details on sampling
types and locations are available in Fig. 1(b). Subsequent analyses
included molecular compounds, biomarkers, isotopic compounds,
and inclusion homogenization temperature.

3.2. Methods

3.2.1. Gas analysis

Natural gas samples were subjected to analysis using an HP
6890 II gas chromatograph equipped with flame ionization and
thermal conductivity detectors. Gas chromatography identified the
hydrocarbon gas components present in the samples. Additionally,
the stable carbon isotopes of the gas samples were measured using
GC-IRMS (Gas Chromatography-Isotope Ratio Mass Spectrometry)
with a carrier coupled to the HP 6890 Il GC apparatus.

3.2.2. Oil analysis

The oil group components were separated using column chro-
matography, employing a traditional method. The sample under-
went partitioning into asphaltene, saturated hydrocarbons,
aromatic hydrocarbons, and non-hydrocarbon components using
elution solvents such as petroleum ether, dichloromethane, and
dichloromethane + methanol. Organic sulfur compounds (OSCs)
were separated using a silver chromatographic column. The prep-
aration involved dissolving AgNO3 solution in distilled water and
impregnating silica gel (200 mesh), followed by activation at 105 °C
for 4 h. The separation column was first filled with silica gel
impregnated with AgNOs, followed by ordinary silica gel (in a 3:2
ratio). The silica gel column was moistened with n-hexane, and a
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Fig. 1. (a) Map showing the tectonic divisions and the location of the study area in the Tarim Basin; (b) Map showing the locations of the sampled wells; (c) Generalized stratigraphy
columns of the Shunbei Oilfield, Tarim Basin. The A-A’ is a geological profile (Fig. 2) crossing the Shuntuoguole (STGL) Low Uplift. The B-B’, C-C’, D-D’, and E-E’ are seismic sections

(Fig. 12) that pass through SHB6X, SHB82H, SHB10X, and SHB121X, respectively. STGL low uplift: shuntuoguole low uplift.

SHN2 SHB12X SHB803X

GL1 SHN4 SHNS5

/7 ,

RN

/)
{4

/]
e

7
1HE

el

%
7

)

7L

i

J
0 6 km
—
Suntuoguole low uplift Tabei uplift —
[feee.] F=——-1 [ ] s —
Sandstone Mudstone Basalt Marlstone Gypsolith Dolomite Dolomitic Argillaceous Stratigraphic Fault Oillgas
limestone silstone unconformity reservoir

Fig. 2. Geological cross section A-A" across the STGL Low Uplift and the Tabei Uplift. See Fig. 1 for the direction of the section.

1467



R.-Z. Qiao, M.-]. Li, D.-L. Zhang et al.

few drops of n-hexane were added to dissolve the sample. Then the
sample was loaded on a silica gel column impregnated with silver
nitrate. The saturated hydrocarbon, aromatic hydrocarbon and OSC
were obtained by eluate with n-hexane, dichloromethane and
acetone successively.

An Agilent 6890 GC instrument equipped with an HP-PONA
quartz capillary column (50 m x 0.25 mm x 0.25 pm) was uti-
lized for whole-oil analysis for the determination of light hydro-
carbon components. The detailed temperature program was as
follows: The initial oven temperature was maintained at 35 °C for
10 min. It was then increased to 60 °C at 0.5 °C/min. Finally, it was
heated to 300 °C at 2 °C/min and held for 10 min.

Analysis of saturated hydrocarbons, aromatic hydrocarbons,
diamondoids, and OSCs was conducted using gas chromatography-
mass spectrometry (GC-MS) employing an Agilent 7890 GC/5975i
MS system. A HP-PONA column (60 m x 0.25 mm x 0.25 pm) was
utilized in the gas chromatograph. The analytical procedure
involved initially heating the gas chromatograph to 60 °C and
holding for 2 min, followed by increasing to 310 °C at a rate of 3 °C/
min, with a subsequent hold for 5 min. The mass spectrometer
operated at an electron ionization energy of 70 eV in the selected
ion monitoring mode. Known concentrations of D50-Cy4, D8-
Dibenzothiophene, D16-Adamantan, and D16-Adamantan were
added to saturated hydrocarbons, aromatic hydrocarbons, dia-
mondoids, and thiadiamondoids, respectively, as internal stan-
dards. The quantification of saturated hydrocarbons, aromatic
hydrocarbons, diamondoids, and thiadiamondoids was achieved by
comparing peak areas in the selected reaction monitoring mode.
Fig. S1 displays details of the internal standard mass
chromatograms.

3.2.3. Phase analysis

PVTsim software was used to simulate the petroleum phase, as
detailed in Qiao and Chen (2022). This simulation was based on gas
composition, whole oil composition, crude oil density, and gas-oil
ratio (GOR).

3.2.4. Fluid inclusion analysis

Polished core samples extracted from the Yijianfang and Ying-
shan Formations within the Shunbei Oilfield were utilized to pre-
pare inclusion plates, each with a thickness of approximately
0.08 mm. Microscopic examination of fluid inclusions was carried
out employing a Nikon-LV100 microscope, equipped with dual
channels for both fluorescence and reflected transmission light,
enabling detailed visualization of the inclusions. For the determi-
nation of homogenization temperature, a LinkAM-THMSG600 cold
and hot platform was employed. This apparatus offers a broad
temperature range spanning from —190 to 600 °C, with a high
precision temperature measurement error of +0.1 °C.

3.2.5. One-dimensional burial-thermal modeling

The burial and thermal histories of the SHB84X well in the
Shunbei Oilfield were reconstructed using PetroMod software.
Burial depth and stratigraphic age data were provided by SINOPEC
Northwest Company (Urumgqi), ensuring the accuracy and reli-
ability of the modeling process. Initially, the heat flow value and
formation denudation thickness, as reported by Li et al. (2022),
were utilized as foundational parameters for the modeling
endeavor. Subsequently, these parameters were subjected to
adjusted and corrected according to the equivalent vitrinite
reflectance (calculated according to the bitumen reflectance) and
the reservoir temperature.
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4. Results
4.1. Petroleum reservoir types and fluid properties

PVTsim software was utilized to simulate the P-T phase diagram,
indicating that the F6, F8, F10, F12, F14, and F16 reservoirs primarily
consist of condensate and gas reservoirs (Fig. 3(a)—(d)). The GOR
(cumulative production gas-oil ratio) ranges from 1738 to
464814 m>/m° (Table 1). The evolution law of the petroleum en-
velope highlights significant differences in the thermal evolution
degree of petroleum (Fig. 3(a)—(d); Qiao and Chen, 2022).

The relative contents of the fluid components (Ci+No,
C2_6+C05, and C7) in the study area were 71.20%—94.45%, 5.34%—
23.57%, and 0.02%—5.75%, respectively. These components are
evenly distributed across condensate, wet gas, and dry gas reservoir
regions, as shown in the ternary diagram (Fig. 3(e)).

The distribution of crude oil density in the study area ranges
from 0.74 to 0.81 g/cm>, with an average value of 0.77 g/cm>
(Table 1). The viscosity ranges from 0.76 to 2.38 mm?/s, with an
average of 1.36 mm?/s (Table 1). Overall, the oil is characterized by
low sulfur (<0.5%) and low wax (<10%) content, exhibiting similar
volumetric properties (Table 1).

4.2. Alkanes, terpanes, and steranes

The n-alkanes in the study area's oil samples are intact, with a
distribution range from n-Cs to n-Cs,. The dominant peak carbon
numbers ranged from Cs to C7, showing a unimodal distribution
(Fig. 4(a1)—(d1)). Additionally, the ratios of Pr/n-Cy7 and Ph/n-Cyg
ranged from 0.06 to 0.23 and 0.05 to 0.27, respectively (Table 2).
Both ratios were significantly below 1.0, with the isoprene content
obviously lower than that of adjacent n-alkanes (Fig. 4(a1)—(d1)).

Fig. 4 illustrates significant differences in the distribution char-
acteristics of terpenes (m/z 191) and steranes (m/z 217) in oil
samples from the study area. Biomarkers underwent varying de-
grees of decomposition, and the baseline of the mass chromatog-
raphy was shifted to different degrees. Notably, SHB6X oil exhibited
complete decomposition of steranes and terpenes. Additionally, 25-
norhopane was detected in the majority of oil samples (Fig. 5).

4.3. Light hydrocarbons and diamondoids

Light hydrocarbon compounds, mainly alkanes, were identified
in the C3—C7 range, followed by cycloalkanes and aromatics (Fig. 6).
Table 2 presents key parameters derived from the analysis of these
compounds. Moreover, the oil samples show abundant diamondoid
compounds, with total concentrations ranging from 1761.22 ug/g to
62187.88 ng/g. Table 3 provides essential parameters derived from
the analysis of diamondoid components.

4.4. Thiadiamondoids

Thiadiamondoids, sulfur-containing non-hydrocarbons, were
isolated using a silver chromatographic column and analyzed via
gas chromatography-mass spectrometry. Thiadiamondoids were
confirmed in oil samples from the study area (Fig. 7). The total
thiadiamondoid concentrations in the oil samples ranged from 0.14
to 23.80 pg/g, with thiaadamantanes being predominant compo-
nents (Fig. 7 and Table 3).

4.5. Composition and stable carbon isotope of natural gas
The samples primarily contain hydrocarbon gas, with molar

concentrations exceeding 86% (Table 4). Specifically, methane
content in gas samples from the study area ranges from 73.23% to
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Fig. 3. PVT phase diagrams (a, b, ¢, d) and three-terminal diagram of fluid components (e) of the Shunbei Oilfield.

Table 1
Physical properties and fluid component parameters of oils in the Shunbei Oilfield.

Area Well Strate Depth, m Pg, MPa Tg, °C GOR,m’/m> Density, g/cm® Viscosity, mm?/s Sulfur, % Wax, % C;+N; Cp+CO, CF
%

F6 SHB61X Oyyj + 01y 7726 8544 91.3 173.7 1738 0.77 131 0.02 240 71.20 23.05 5.75
SHB6X Oyyj + 01y 7742 8132 79.2 170.2 1938 0.76 1.60 0.06 3.90 73.85 20.80 5.35

F8 MS8 Oyyj + 012y  — — 87.5 168.4 2800 0.76 134 0.02 2.50 84.41 11.61 3.98
SHB85X Oyyj + 010y 8033 8832 65.1 1713 2000 0.76 1.56 0.10 1.40 77.21 18.10 4.69
SHB84X Oyyj + 012y 8400 9195 86.1 1713 2040 0.76 1.47 0.09 1.30 81.87 12.92 5.21
SHB83X Oyyj + 012y 7821 8478 741 173.6 3826 0.76 1.56 0.10 1.40 71.23 23.57 5.20
SHB802X Oyyj + 01y 8250 8397 87.6 170.9 6627 0.75 1.56 0.03 3.40 90.19 8.24 1.57
SHB8X Oyyj + 01y 7737 7740 61.7 182.6 3670 0.76 1.07 0.01 0.21 87.88 11.24 0.88
SHB8-2H O.yj + 01y 7693 8854 62.6 176.5 2566 0.76 2.38 0.06 1.60 84.92 11.61 3.47
SHB801X Oyyj + 012y 7691 9145 70.0 1773 7740 0.78 1.75 0.16 2.80 89.94 8.55 151
SHB8-3H O.yj + 01y 7759 8531 86.7 176.1 5658 0.75 1.14 0.06 2.70 88.59 9.64 1.77
SHB803X O.yj + 01y 7661 8110 96.2 169.9 8542 0.75 1.14 0.06 2.70 88.91 9.86 1.23
SHB82X Oyyj + 012y 7617 8262 88.2 177.2 4831 0.76 0.76 1.39 0.27 88.72 9.74 1.54
SHB804X O.yj + 012y 7599 8343 879 178.0 62135 0.80 1.71 0.02 3.50 94.45 5.34 0.21

F10 SHB10X Oyyj + 01y 7809 8591 81.2 174.8 4299 0.74 2.03 0.15 2.60 84.37 13.15 248

F12 SHB122X O.yj + 012y 7290 8520 54.0 193.1 197787 0.80 0.77 0.53 0.03 87.60 12.35 0.05
SHB12X Oyyj + 010y 7126 8121 69.5 191.5 148448 0.81 0.78 0.50 0.06 88.92 11.00 0.08
SHB121X Ouyj + 012y 7527 8287 71.7 191.6 464814 0.79 0.78 0.61 0.06 88.39 11.59 0.02

F14 SHN1 Oyyj + 012y 6528 6690 75.4 180.1 86723 0.80 1.15 0.14 0.38 83.34 16.50 0.16

GOR = cumulative produced gas to oil ratio; Px = Formation pressure; Tg = Formation temperature.

313C; values range from —44.60%0 to —36.80%0, with an average

of —40.80%o (Table 4).

94.51%, with an average of 86.83% (Table 4). Additionally, the dry-
ness coefficient ranges from 0.77 to 1.00, averaging 0.94, indicating
a transition from wet to dry gas from north to south (Table 4). The
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Fig. 4. Representative TIC ((a1)—(d1)), m/z 191 mass chromatograms ((a2)—(d2)) and m/z 217 mass chromatograms ((a3)—(d3)) from the Shunbei Oilfield.

5. Discussion
5.1. Organic matter input and source

Light hydrocarbons play a crucial role in petroleum, often
constituting over 90% of light oil (Hunt et al., 1980). These com-
pounds, abundant in genetic information, have been widely used in
petroleum correlation studies (Hunt, 1984; Hu et al., 1990; Qiao
et al,, 2022; Deng et al., 2023; Fig. 8(a) and (b)). The relative con-
tents of cyclohexane (CH) and methylcyclohexane (MCH) in oil
samples ranged from 9.54% to 24.78% (<30%) and 15.56%—38.93%
(<50%), respectively (Table 2). Fig. 7 shows that sapropelic parent
materials such as plankton, benthic algae, and bacteria are the
primary inputs.

Schulz et al. (2001) observed that 3,4-dimethyldiadamantane
(DMD) is enriched in coal and mudstone with type Il organic
matter, while 4,8-DMD and 4,9-DMD are found in carbonate rocks
and marine siliciclastic rocks with type I and II organic matter,
respectively. As a result, DMDI-1 (100 x 3,4-/3,4-+4,9- DMD) and
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EAI (100 x 2-/2-+1-EA) were utilized to determine the parent
material type. The cross-plot of DMDI-1 and EAI reveals that marine
type Il organic matter is the primary input (Fig. 8(c)).

The distribution ranges of Pr/n-Cy7 and Ph/n-Cyg in oil samples
range from 0.06 to 0.23 and from 0.05 to 0.27, respectively, with
average values of both around 0.15 (Table 2). According to a cross-
plot analysis, the oil's source kitchen is formed in a marine reduc-
tion environment, with the primary parent material sources being
Algal type II (Fig. 7(a); Shanmugam, 1985).

Various wells (e.g., LT1, XH1, and TS5) and outcrops indicate that
a set of high-quality marine source rocks developed in the Lower
Cambrian strata (Zhu et al., 2020, 2021). The oil source (Cambrian-
Lower Ordovician or Middle-Upper Ordovician) in the Tarim Basin
has been widely discussed in previous studies (Zhang et al., 2022).
However, previous studies have mostly suggested, based on
biomarker, carbon isotope, and sulfur isotope analyses, that marine
petroleum in the Tarim Basin primarily originates from the Lower
Cambrian source rocks (Cai et al., 2015; Wang et al., 2021).

In summary, Lower Cambrian marine shales are proposed as the
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Table 2
Biomarker and light hydrocarbon parameters of oils in the Shunbei Oilfield.
Well Pr/nCy7* Ph/nCyg* Kqi* H* I* B* F* n-Cg* MCP* CH* n-C;* >DMCP* MCH* DBTs a00.C2920R
% % nglg
SHB61X 0.22 0.27 1.09 39.70 3.52 0.42 2.05 74.20 9.12 16.68 60.49 9.96 29.55 219.55 0.03
SHB6X 0.23 0.23 1.09 40.22 3.52 0.46 1.99 71.58 9.74 18.68 60.02 9.81 30.17 176.64 0.00
MS8 0.18 0.19 1.13 33.71 2.75 0.66 1.27 62.73 12.49 24.78 49.42 11.65 38.93 509.82 0.54
SHB85X 0.19 0.18 1.12 35.31 2.26 0.41 1.40 67.06 13.36 19.58 51.44 11.83 36.73 142.44 0.00
SHB84X 0.21 0.21 1.14 35.80 3.19 0.43 1.56 71.16 10.34 18.50 54.37 10.69 34.94 23.75 0.69
SHB83X 0.18 0.18 1.13 34.83 3.23 0.45 1.57 72.75 10.55 16.70 54.31 11.15 34.54 218.02 0.12
SHB802X 0.14 0.14 1.10 39.48 343 0.65 1.68 67.97 11.72 20.31 56.53 9.73 33.74 161.31 0.00
SHB8X 0.10 0.10 1.10 40.81 4.13 0.52 1.84 72.75 9.79 17.46 59.33 8.47 32.20 69.90 0.00
SHB8-2H 0.16 0.16 1.16 38.91 4.42 0.39 1.75 77.48 6.82 15.70 58.42 8.17 3341 24.83 0.00
SHB801X  0.09 0.07 116 4655 497 055 199 70.76 765 2159 6250 6.03 31.47 45.32 0.07
SHB8-3H 0.10 0.08 1.19 40.22 5.01 0.42 2.00 81.44 6.37 12.19 61.60 7.59 30.81 13.50 0.01
SHB803X 0.08 0.08 1.24 39.84 6.04 0.40 2.08 81.74 5.46 12.80 62.73 717 30.10 31.06 0.02
SHB82X 0.06 0.05 1.21 39.03 542 038 188 76.39 6.60 17.01 60.26 7.70 32.04 96.04 0.56
SHB804X 0.07 0.07 137 4431 5.57 0.89 3.39 82.73 6.64 10.63 70.66 8.53 20.81 213.67 0.00
SHB10X 0.14 0.12 1.23 36.52 6.35 0.33 1.54 80.56 5.23 14.21 56.57 6.57 36.86 2.44 0.27
SHB122X  0.19 0.20 132 2896 530 433 142 70.08 7.69 2223 5338 9.08 37.54 10823  97.23
SHB12X 0.22 0.24 1.27 31.42 4.54 3.97 1.68 69.20 8.66 22.14 56.90 9.13 33.97 29.71 2040
SHB121X 0.12 0.16 1.30 43.40 8.98 137 5.06 86.35 411 9.54 78.51 5.93 15.56 179.23 27.30
SHN1 0.11 0.13 1.31 43.78 7.99 1.10 3.96 71.12 14.44 14.44 57.66 12.97 29.37 1169.35 5.00

CH = cyclohexane; MH = methylhexane; MCH = methylcyclohexane; Tol = toluene; nC; = n-heptane; DMP = dimethylpentane; DMCP = dimethylcyclopentane; K; = (2-
MH-+2,3-DMP)/(3-MH +2,4-DMP) (Mango, 1997); I = Isoheptane value (Isoheptane Value = (2 + 3)-MH/(1c3 + 1t3 + 1t2)-DMCP), H = Heptane value (Heptane Value =
(nC; x 100)/(CH + 2-MH + 2,3-DMP + 1,1-DMCP + 3-MH + 1¢3-DMCP + 1t3-DMCP + 1t2-DMCP + nC; + MCH)) (Thompson, 1983); B = Tol/nC;; F = nC,/MCH;
SDMCP =(1,1 + cis-1,3+trans-1,3+trans-1,2)-DMCP; * = data from Whole-oil GC analysis.

(a) SHB6X, O,yj+0,.,y, 170.2 °C
mlz 177

(b) SHB82X, O,yj+0,,y, 177.2 °C
ml/z 177

28NH 29NH
3

30NH
"

(c) SHB10X, O,yj+0,,y, 174.8 °C

miz 177

(d) SHB121X, O,yj+0,,y, 191.6 °C

miz 177

NT: 17-nortricyclic terpane; NH: 25-norhopane.

Fig. 5. Representative m/z 177 mass chromatograms ((a)—(d)) from the Shunbei Oilfield.

primary contributors to the petroleum reservoirs in the Ordovician
of the Shunbei Oilfield.

5.2. Maturity assessment of oil

Maturity is crucial for assessing oil properties, predicting oil-gas
conversion, and characterizing oil formation stages (Mackenzie
et al., 1980). The chemical composition of oil formed in different
thermal evolution stages of source rocks is obviously varies
(Wilhelms and Larter, 2004). Light hydrocarbon and diamondoid
components, particularly abundant in high thermal evolution
stages, play a significant role in assessing oil maturity (Wang et al.,
2021; Qiao et al., 2022).

Analysis of heptane and isoheptane values indicates the high
maturity stage of oil in the study area, with type II kerogen as the
primary source of organic matter (Thompson, 1983). Walters et al.
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(2003) proposed a method for calculating equivalent vitrinite
reflectance (Rc) based on cross-plots of heptane and isoheptane
values, indicating that the Rc of oil in the study area exceeds 1.1%
(Fig. 9).

Diamondoid compounds in oil can undergo varying degrees of
loss and enrichment due to evaporative fractionation, affecting the
reliability of maturity evaluation results (Moldowan et al., 2015;
Qiao et al., 2024b). Nevertheless, the oil samples in the study area
exhibit a robust linear relationship between 1-+2-
methyladamantane (1-+2-MA) and 3--+4-methyldiamantane (3-
+4-MD), with R* = 0.9925 (Fig. 10(a)). This indicates that dia-
mondoid components in the oil are unaffected by evaporative
fractionation, thus serving as reliable maturity indicators. The
cross-plot of the methyladamantane index (MAI) and the methyl-
diamantane index (MDI) confirms the oil's high maturity stage,
with equivalent vitrinite reflectance exceeding 1.3% (Fig. 10(b);
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Fig. 6. Gas chromatograms of light hydrocarbons ((a)—(d)) from the Shunbei Oilfield.

Table 3
Diamondoid and thiadiamondoid parameters of oils in the Shunbei Oilfield.
Well 1-+2-MA 4-+3-MD TAs Ts MAI MDI DMDI-1 EAI Rc EOC1 EOC2
nglg nglg %
SHB61X 363.00 40.42 0.32 0.40 75.26 43.04 64.28 50.12 1.48 50.51 33.69
SHB6X 432.37 49.82 0.19 0.22 76.53 43.94 64.02 46.58 1.51 59.85 45.27
MS8 624.02 76.14 — — 75.99 43.84 65.03 46.58 1.50 73.73 62.49
SHB85X 386.97 46.53 — — 73.02 40.45 67.99 49.72 1.42 57.01 41.75
SHB84X 450.84 53.03 — — 75.92 45.61 64.59 47.95 1.55 62.28 48.29
SHB83X 498.42 56.51 21.78 23.80 76.67 42.69 66.96 46.18 1.48 64.61 51.18
SHB802X 1107.44 122.39 0.84 1.02 79.85 45.09 64.48 38.94 1.53 83.66 74.80
SHB8X 999.72 111.88 0.65 0.85 79.93 45.25 63.32 38.99 1.54 82.12 72.89
SHB8-2H 571.68 49.96 1.22 1.22 75.24 43.27 66.61 43.53 1.49 59.96 45.41
SHB801X 2273.34 317.41 0.75 1.25 83.2 48.45 58.58 27.18 1.62 93.7 87.25
SHB8-3H 1319.81 161.79 — — 83.18 48.24 58.75 31.65 1.61 87.64 79.74
SHB803X 1289.10 148.50 — — 79.42 46.43 63.22 33.14 1.57 86.53 78.36
SHB82X 1090.66 118.51 13.44 14.73 78.72 46.39 62.33 39.05 1.57 83.12 74.13
SHB804X 5102.66 746.35 8.73 14.45 88.33 57.78 41.42 2335 1.84 97.32 91.74
SHB10X 1230.67 56.66 0.09 0.14 80.42 48.08 61.41 35.20 1.61 64.70 51.29
SHB122X 12609.64 1511.43 - - 91.29 57.97 42.79 4.40 1.85 98.68 93.43
SHB12X 9069.92 1330.26 — — 94.08 60.43 33.70 7.06 1.91 98.5 93.21
SHB121X 9818.06 1313.46 1.73 432 88.53 54.17 48.97 13.59 1.76 98.48 93.18
SHN1 17356.50 2298.00 — — 65.00 64.00 64.00 61.00 1.99 99.13 93.99

TAs = total thiaadamantanes; Ts = total thiadiamondoids; MA = methyladamantane; MD = methyldiamantane; DMD = methyldiamantane; EA = ethyladamantane; MAIl = 1-
MA/(1-MA+2-MA), MDI = 4-MD/(1-MD+3-MD+4-MD), Rc = 0.4389 + 0.0243 x MDI (Chen et al.,, 1996); DMDI-1 = 3,4-DMD/(3,4-DMD + 4,9-DMD), EAI = 2-EA/(2-EA + 1-
EA) (Schulz etal., 2001); EOC1 (extent of oil cracking 1) = (1—co/cm) x 100, ¢o = the concentration of 3-+4-MD in the uncracked samples, ¢, = the concentration of 3-+4-MD in
any sample (Dahl et al.,, 1999); EOC2 = 1.2402 x EOC1-8.952 (Peng et al., 2022); “~” = no data.

Chen et al., 1996). Further calculation based on MDI values shows
the distribution of oil Rc (Rc = 0.4389 + 0.0243 x MDI) ranging
from 1.42% to 1.99% (Table 3; Chen et al., 1996).

5.3. Reservoir secondary alteration

The accumulation and preservation of ultra-deep petroleum
involve various secondary alteration, including biodegradation,
thermal alteration, cracking, thermochemical sulfate reduction, and
evaporative fractionation (Krouse et al., 1988; Losh et al., 2002; Sun
et al,, 2005; Zhu et al,, 2019; Wang et al., 2021). Accurately char-
acterizing these secondary processes in petroleum reservoirs is
crucial for studying petroleum accumulation and preservation
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mechanisms.

5.3.1. 0Oil cracking

Oil samples exhibit a strong linear correlation between 1-+2-
MA and 3-+4-MD, underscoring the reliability of diamondoid pa-
rameters in the study area (Fig. 10(a)). Dahl et al. (1999) observed an
increase in the concentration of 3-+4-MD with thermal cracking.
Subsequently, the extent of oil cracking (EOC) was calculated using
the concentration of 3-+4-MD with the formula EOC1 = (1 — co/
cm) x 100, where ¢y is the concentration of 3-+4-MD in the un-
cracked samples (3-+4-MD “baseline concentration”) and cy, is the
concentration of 3-+4-MD in any sample. The choice of baseline
concentration for diamondoids significantly affects the reliability of



R.-Z. Qiao, M.-]. Li, D.-L. Zhang et al.

(a) Thiaadamantanes

(a1) m/z 154

(a2) m/z 168

Petroleum Science 22 (2025) 1465—1484

(b) Thiaadiamantanes

(b1) m/z 206

mewww“wwww

2 (b2) miz 220
(a3) m/z 182 22 23
R 6
(ad) m/z 1976 | (b3) m/z 234
A 8 JM oy 25
(a5) m/z 210 12 14
1 15
13 "f'¥16 A (b4) m/z 248
(a6) miz 224
1K1 819 20 26
2'9 ' 3'1 ' 3'3 ' 3'5 ' 3'7 ' 4’6 ' 4’8 ' 5'0 ' 5'2 '
Time, min Time, min
(c) Thiatriamantanes
(c1) m/z 258 (c3) m/z 286
(c2) m/iz 272 (c4) m/z 300
5'9 ' 6’1 ' 6’3 ' 6’5 ' 5'9 ' 6’1 ' 6’3 ' 6’5 '
Time, min Time, min

1: 2-thiaadamantane; 2: 5-methyl-2-thiaadamantane; 3: 1-methyl-2-thiaadamantane; 4: 5,7-dimethyl-2-thiaadamantane; 5: 1,5-dimethyl-2-thiaadamantane; 6: 1,3-dimethyl-2-thiaadamantane;
7: 3,5,7-trimethyl-2-thiaadamantane; 8: 1,5,7-trimethyl-2-thiaadamantane; 9: 1,3,7-trimethyl-2-thiaadamantane; 10: 1,3,5-trimethyl-2-thiaadamantane; 11: 1,3,5,7-tetramethyl-2-thiaadamantane;
12: Tetramethyl-2-thiaadamantane; 13: Tetramethyl-2-thiaadamantane (1); 14: Tetramethyl-2-thiaadamantane (2); 15: Tetramethyl-2-thiaadamantane (3); 16: Tetramethyl-2-thiadamantane (4);
17: Pentamethyl-2-thiaadamantane (1); 18: Pentamethyl-2-thiaadamantane (2); 19: Pentamethyl-2-thiaadamantane (3); 20: Pentamethyl-2-thiaadamantane (4); 21: 2-thiaadiamantanes;

22: Methy-2-thiaadiamantanes (1); 23: Methy-2-thiaadamantane (2); 24: Dimethyl-2-thiaadamantane (1); 25: Dimethyl-2-thiaadamantane (2); 26: Trimethyl-2-thiaadiamantanes.

Fig. 7. Mass chromatograms of thiadiamondoids in oil from well SHB83X.

Table 4
Molecular and stable isotopic compositions of natural gas samples in the Shunbei Oilfield.

Well Dryness Molecular composition, mol % 3"3Cppe, %o

Nz COZ C] CZ C3 iC4 nC4 iCs nC5 C1 Cz C3
SHB61X 0.77 2.84 1.80 73.23 8.34 5.32 0.21 3.60 2.30 2.36 - - -
SHB6X 0.80 1.67 243 77.10 7.57 5.14 1.80 2.75 0.78 0.76 — — -
SHB85X 0.92 5.57 1.88 85.57 3.76 1.59 0.48 0.65 0.24 0.25 —42.90 -31.10 —29.00
SHB84X 0.90 1.59 1.53 87.03 5.66 2.38 0.61 0.79 0.22 0.21 —42.10 -30.70 —28.50
SHB83X 0.91 1.51 2.14 87.24 5.12 2.19 0.60 0.78 0.22 0.19 —43.00 —29.90 —27.60
SHB801X 0.94 3.48 3.16 87.90 3.03 0.97 0.37 0.46 0.29 0.35 —42.50 —32.40 -31.00
SHB8-3H 0.94 1.06 3.10 89.99 3.50 1.07 0.35 0.43 0.23 0.28 —42.80 -30.10 -27.70
SHB803X 0.93 1.87 3.07 88.65 4.02 1.16 0.40 0.45 0.20 0.19 —44.60 —32.80 -30.70
SHB82X 0.93 0.72 2.71 89.47 448 1.25 0.42 0.51 0.22 0.22 —42.80 -32.30 -30.70
SHB804X 0.98 0.56 2.98 94.16 1.46 0.39 0.14 0.16 0.08 0.08 —40.20 —28.40 —26.30
SHB10X 0.90 149 2.59 86.04 6.35 1.92 0.57 0.61 0.22 0.20 —43.30 -31.80 —29.00
SHB122X 0.99 1.17 11.43 86.50 0.77 0.08 0.03 0.02 0.01 0.01 -39.80 -23.30 -22.20
SHB12X 1.00 0.51 10.65 88.49 0.30 0.03 0.01 0.00 0.00 0.00 -39.70 —29.50 -28.20
SHB121X 0.99 0.45 10.40 87.98 0.81 0.19 0.06 0.06 0.03 0.02 -39.10 —24.40 -21.00
SHN1 0.95 1.72 12.27 81.78 2.11 1.21 0.43 0.50 - - —38.30 —27.30 —23.80
SHN4 0.99 10.06 5.38 83.82 0.65 0.08 - - - - —37.80 —32.40 -
SHN5 1.00 341 1.97 94.51 0.11 0.01 - - - - —36.80 - -
SHN7 1.00 6.19 0.28 93.42 0.10 0.01 - - - - —37.50 —27.40 -

Dryness = C1/(C; + C3 + C3 + C4 + Cs), “—" = no data.

EOC calculations. A proposed “baseline concentration” of 20 pg/g
was chosen based on previous research and the characteristics of
the oil samples (Wang et al., 2023; Qiao et al., 2024a).

The 4-+3-MD concentration in oil samples across the study area
ranged from 40.42 to 2298.00 pg/g, generally decreasing from
south to north (Table 3). Calculations reveal significant variations in
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Fig. 8. Several diagrams identify sedimentary environments and sources of organic matter. (a): A triangle diagram of n-Cg, MCP, CH (refer to Hu et al., 1990); (b): A triangle diagram
of n-C;, SDMCP, and MCH (refer to Hu et al.,, 1990); (c): A cross-plot of DMDI-1 versus EAI (refer to Schulz et al., 2001); (d): A cross-plot of Pr/n-Cy7 versus Ph/n-Cyg (refer to

Shanmugam, 1985).
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Fig. 9. A cross-plot of isoheptane value versus heptane value as indicators of thermal
maturity and source organic type (refer to Thompson, 1983).

EOC among the oil samples, ranging from 50.52% to 99.13% (Table 3
and Fig. 11). MDI-based calculations indicate the Rc distribution

ranges from 1.42% to 1.99% (Table 3). When combined with the Rc
result, it is observed that the calculated EOC in the study area may
be overestimated. Peng et al. (2022) showed through simulations
that at oil maturity levels of 1.2%—3.0%, the EOC calculated using 3-
+4-MD tends to be too high. A correction formula, EOG2 = 1.2402 x
EOC1 — 28.952, is proposed to improve the reliability of the
calculated EOC. Further calculations reveal that the EOC in the
study area ranges from 33.69% to 93.99% (Table 3). The EOC value in
F12 exceeds 93%, indicating near-complete cracking of the oil.
However, in the northern part of the study area, the EOC value is
less than 62.5%, indicating it is still in the initial stage of oil cracking
(Table 3).

5.3.2. Thermal alteration

The Tarim Basin has undergone extensive magmatic activity
since the Paleozoic era. A key event was the formation of the Tarim
Large Igneous Province (300—259 Ma) during the Permian (Xu
et al., 2015; Zhu and Zhang, 2022). The widespread diabase in-
trusions during the Paleozoic (Xu et al., 2015), zircon U-Pb dating of
diabase (Dong et al., 2013), in situ U-Pb dating of hydrothermal
calcite (Xu et al., 2022), widespread barites, fluorites, and cherts in
the reservoir (He et al., 2019), and positive Eu anomalies in the
reservoir (Xu et al., 2022) all indicate that frequent magmatic in-
trusions and hydrothermal upwelling events occurred in the Tarim
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Basin during the formation of the Large Igneous Province.

Multiple basement strike-slip faults have developed in the STGL
Low Uplift (Fig. 1(b)). The fault was reactivated during the Permian,
serving as a conduit for magma intrusion, hydrothermal upwelling,
and petroleum migration (Ning et al., 2022). Previous studies have
used carbon isotope values, polycyclic aromatic hydrocarbon
enrichment, pyrobitumen distribution, and in situ U-Pb dating of
hydrothermal calcite (295.90—283.00 Ma) to identify magmatic
intrusions and hydrothermal upwelling in the Shunbei Oilfield
(Wang et al., 2021; Xu et al., 2022; Li et al., 2023; Qiao et al., 2024a,
2025). These studies revealed varying degrees of thermal alteration
in the petroleum reservoirs of the Shunbei Oilfield.

This is evidenced by the observation of intrusions of varying
scales on seismic profiles. The distinct characteristics are identified
by differences in seismic wave impedance between the intrusions
and the surrounding rock (Fig. 12). The seismic profile shows that
the igneous intrusions in the study area are primarily distributed
between 19 and ”[‘% and are located far from the reservoir (Fig. 12).
Moreover, previous studies suggest that the thermal anomaly range
caused by igneous intrusions is 1—2 times the size of the intrusion
itself (Simoneit et al., 1978; Othman et al., 2001). This seems to
suggest that the igneous intrusion in the study area has a limited
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influence on the reservoir. However, unlike other regions, magma
primarily intrudes upward along basement strike-slip faults in the
Shunbei Oilfield. Magma rising from the deep basin can signifi-
cantly influence the reservoir and create channels for subsequent
hydrothermal upwelling and petroleum migration (Zhu and Zhang,
2022; Qiao et al., 2024a). Therefore, oil alteration in the reservoir
caused by magmatic intrusion in the study area cannot be assessed
solely according to the distribution range of igneous intrusion.

In normal geological evolution, reservoir temperature is usually
positively correlated with the cracking degree. This correlation
directly influences biomarker concentrations and the distribution
characteristics of the spectral baseline. Higher reservoir tempera-
tures typically result in more pronounced baseline drift and lower
biomarker concentrations (Peters et al., 2005; Qiao et al., 2022).
However, there is an obvious mismatch between biomarker dis-
tribution and reservoir temperature in the Shunbei Oilfield. For
instance, reservoir temperatures in F6, F8, and F10 range from 168.4
to 182.6 °C, with spectra (m/z 191 and m/z 217) showing significant
baseline drift and low biomarker concentration (Fig. 12(a3)—(c3);
Table 1). Conversely, reservoir temperatures in F12 range from
191.5 to 193.1 °C, with spectra (m/z 191 and m/z 217) indicating a
relatively stable baseline and intact biomarkers (Fig. 12(d3);
Table 1).

Moreover, the EOC of F12 oils is significantly higher than that of
F6 oils. Nonetheless, biomarkers in F12 oils exhibit superior pres-
ervation compared to F6 oils (Fig. 12(a3) and (d3)). The preceding
analysis indicates that thermal anomalies (transient high temper-
atures) affected the biomarkers of F6, F8, and F10 oils, leading to
significant cracking. In contrast, biomarkers in F12 oils remain well
preserved, suggesting no influence from significant thermal
anomalies. Moreover, the study suggests that the reliability of
biomarkers can extend to temperatures of at least 190 °C in the
absence of significant thermal anomalies.

5.3.3. Biodegradation and mixing

Biodegradation, a common secondary alteration in reservoirs,
significantly impacts the physical properties and chemical
composition of oil (Sun et al., 2005).

Whole-oil chromatography showed a full series of n-alkanes
without obvious an undifferentiated complex mixture (UCM)
(Fig. 4(a1)—(d1)). Mass spectrometry analysis at m/z 177, however,
detected 25-norhopane series compounds (Fig. 5). Previous studies
have suggested that 25-norhopane forms through microbial-
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induced demethylation of hopane (Moldowan and McCaffrey, 1995;
Bennett et al., 2006). Therefore, the presence of 25-norhopane
generally indicates a biodegradation level of at least 6 for

petroleum (Peters and Moldowan, 1993). During biodegradation, n-
alkanes are typically depleted first (Peters et al., 2005). The coex-
istence of 25-norhopane and intact n-alkanes in the oil samples
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suggests a mixture of early biodegraded oil and subsequently filled
fresh oil in the study area (Zhu et al., 2019). However, F6 oils lacked
25-norhopane, likely due to the influence of Permian hydrothermal
activity and complete cracking (Fig. 5(a)).

5.3.4. Thermochemical sulfate reduction

Previous studies have shown high HS levels (>8%) in Ordovi-
cian and Cambrian reservoirs within the Tarim Basin (Cai et al,,
2001; Li et al., 2017). High H,S content in deep basin reservoirs is
typically attributed to thermochemical sulfate reduction (TSR)
(Krouse et al., 1988). Gypsum-salt layers are extensively present in
the Cambrian of the Tarim Basin, conducive to TSR. However, in
Ordovician reservoirs lacking such layers, sulfate in formation wa-
ter is believed to provide the necessary reactants for TSR. However,
uncertainty remains regarding the occurrence of TSR in the Shunbei
Oilfield Ordovician reservoirs (Wang et al., 2021).

In this study, detailed analyses of light hydrocarbon parameters,
organic sulfur compound contents, and thiadiamondoids were
conducted to identify TSR in Ordovician reservoirs. The Ky (K;= (2-
methylhexane (MH) + 2,3-dimethylpentane (DMP))/(3-MH +2,4-
DMP)) values of the oils in the study area range from 1.09 to 1.37,
all exceeding 1 (Table 2), indicating the potential occurrence of TSR
(Mango, 1997). However, the distribution characteristics of 2-
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MH-+2,3-DMP and 3-MH+-2,4-DMP significantly differ from those
observed in oils affected by TSR in the Tazhong area (Fig. 13(a)).
Further analysis, combined with K; values and concentrations of
total dibenzothiophene series compounds (DBTs), revealed signif-
icantly lower DBTs concentrations in the oils of the study area
compared to those in the oils affected by TSR in the Tazhong area
(Fig. 13(b); Song et al., 2017).

Thiadiamondoid detection revealed generally low levels in the
study area (Table 3 and Fig. 13(c)), indicating a limited presence.
Previous research suggests that oils may have undergone TSR when
total thiaadamantanes (TAs) and thiadiamondoids levels exceed 20
and 28 pg/g, respectively (Cai et al., 2016a, 2016b). Analysis of TAs
and total thiadiamondoids in oil samples indicated levels below 20
and 28 pg/g, respectively (Table 3 and Fig. 13(d)), confirming the
absence of TSR. Only SHB83X shows a TAs content of 21.78 ug/g,
slightly exceeding the threshold of 20 pg/g (Table 3 and Fig. 13(d)).
Additionally, there is a predominance of thiaadamantanes in the
detected thiadiamondoids, with most samples solely containing
thiaadamantanes and thiaadiamantanes (Table 3 and Fig. 7), which
suggests their origin in potential petroleum reservoirs affected by
TSR in the Cambrian or source rocks (Gvirtzman et al., 2015; Wang
et al,, 2021).

Gypsum-salt layers are lacking in the Ordovician strata of the
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Fig. 13. A cross-plot of TSR identification. (a): A cross-plot of 2-MH+2,3-DMP versus 3-MH+2,4-DMP (refer to Mango, 1987); (b): A cross-plot of DBTs versus K; (refer to Song et al.,
2017); (c) and (d): A cross-plot of total thiaadamantane concentrations versus total thiadiamondoids concentrations (Tazhong date from Cai et al., 2016a, 2016b).
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Shunbei Qilfield. Conversely, the Cambrian Awatage and Shayilike
formations harbor gypsum-salt layers, creating favorable condi-
tions for TSR (Fig. 1(c)). And analyses of light hydrocarbon param-
eters, organic sulfur compound contents, and thiadiamondoids
suggest the lack of TSR in the Ordovician reservoirs of the Shunbei
Oilfield. Evidence of TSR in Ordovician reservoirs primarily origi-
nates from potential Cambrian reservoirs, potentially migrating
into Ordovician reservoirs during late gas filling.

5.3.5. Evaporative fractionation and gas invasion

The continuous injection of natural gas into the ancient reser-
voir has correspondingly altered the properties and composition of
the original oil. Natural gas dissolves, washes, and filters the orig-
inal oil, leading to the separation of petroleum phases. This process,
which carries away the light fraction in the oil and enriches the
heavy fraction, is known as evaporation fractionation (Thompson,
1983; Qiao et al.,, 2024b). The reaggregated light fractions form
reservoirs in new traps or ancient reservoirs, enriching the oil light
fractions, a process referred to as gas invasion (Meulbroek et al.,
1998). Kissin (1987) observed a good linear relationship between
the logarithmic value of the molar concentration of n-alkanes in
oils not subjected to evaporative fractionation and the carbon
number after studying 50 oils from different regions. Oil subjected
to evaporative fractionation may experience varying degrees of loss
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of n-alkanes in light fractions (Kissin, 1987). Conversely, gas inva-
sion can result in an increase in the content of n-alkanes in the light
fractions of oil (Meulbroek et al., 1998).

Most samples in the study area exhibit evaporative fractionation
effects based on the logarithmic distribution of n-alkanes in oil
(Fig. 14(a)—(f)). Only three wells, SHB804X, SHB121X, and SHN1,
exhibit gas invasion (Fig. 14(g)—(i)). Moreover, cross-plotting B-F
shows abnormal enrichment of cycloalkanes and aromatics in most
oils, indicating varying degrees of evaporative fractionation (Fig. 15;
Thompson, 1983). Notably, SHB12X and SHB122X display strong
evaporative fractionation effects (Fig. 15(b)). Conversely, the three
oil samples affected by gas invasion show abnormal enrichment of
cycloparaffins and a relative increase in n-alkanes (Fig. 15(b)).
Evaporative fractionation and gas invasion, caused by late gas
filling, alter the phase distribution of the ancient reservoir. This
directly influences the present-phase distribution of petroleum
reservoirs.

5.4. Natural gas origin and properties

The 3'3C; values of natural gas in the study area range
from —44.60%o to —36.80%o, averaging at —40.80%o (Table 4). This,
combined with C;/(C+C3) analysis, indicates predominantly ther-
mogenic gas (Fig. 16(a); Milkov and Etiope, 2018). A cross-plot of
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813C; and Cy/(C,+Cs) further suggests thermal maturation's influ-
ence on the natural gas. Notably, natural gas samples may have
migrated in the southern part of the study area. Analyzing In (C1/C3)
and In (C2/C3) in a cross-plot reveals a trend from northwest to
southeast of kerogen degradation gas transitioning to oil cracking
gas (Fig. 16(b); Xie et al., 2016). Most natural gas samples represent
a mixture of oil cracking gas and kerogen degradation gas, with
only a few wells in the southern region containing typical oil
cracking gas (Fig. 16(b)). The cross-plot of 3'3C, and 3'3C3 indicates
that the gas samples in the study area are mature to overmature,
with equivalent vitrinite reflectance ranging from 0.9% to 2.5%
(Fig. 16(c); Whiticar, 1994). Additionally, considering the analysis of
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evaporative fractionation and gas invasion in the oil samples dis-
cussed earlier, late filling in the study area is likely dominated by oil
cracking gas. It indicates the presence of ancient oil reservoirs in
deep formations.

5.5. Petroleum accumulation

5.5.1. Petroleum filling event and time

Numerous brine and hydrocarbon inclusions were discovered in
the Ordovician reservoirs in the study area. Analysis of brine in-
clusion homogenization temperatures in well SHB84X revealed
three distinct peaks at 80—90 °C, 120—130 °C, and 160—170 °C
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(Fig. 17). This suggests multiple stages of petroleum filling and
accumulation in the area.

Analysis of the burial-thermal history and brine inclusion ho-
mogenization temperature of well SHB84X determined the pe-
troleum filling periods of the Ordovician reservoir. Three main
periods of petroleum filling were identified: late Caledonian
(441.71—437.62 Ma), Indosinian (244.97—234.20 Ma), and Hima-
layan (15.03—8.56 Ma) (Fig. 17).

Previous studies extensively report multi-stage petroleum
filling events in this area (Lu et al., 2020; Liu et al.,, 2021; Li et al,,
2022). Most studies identify three periods of petroleum filling
events in this area (Fig. 18). The Late Caledonian period
(459.88—409.86 Ma) and Hercynian-Indochinese period
(275.94—219.77 Ma) were primarily filled with oil, while the Hi-
malayan period (41.90 Ma—2.85 Ma) was dominated by natural gas
(Fig. 18). In the northern part of the Shunbei Oilfield, only Late
Caledonian and Hercyn-Indosinian oil fills were present due to the
thermal evolution of source rocks (Fig. 18; Qiao et al., 2024a). In
addition, the Re-Os dating results (399.00 + 12.00 Ma) and in-situ
calcite U-Pb dating results (478.00—384.60 Ma) from previous
research on the Tarim Basin support the argument for these two
periods of oil filling in the study area, along with illite K-Ar dating
results from the reservoir (296.00—204.00 Ma) (Fig. 18; Zhang et al.,
2011; Li et al., 2023; Cong et al., 2024; Yuan et al., 2024). The subtle
differences between the two results are primarily influenced by
regional geological variations, fault properties, and local thermal
anomalies (Fig. 18; Yuan et al., 2024; Qiao et al., 2024a).

5.5.2. Petroleum accumulation process and differences

Considering the study of natural gas properties, various sec-
ondary alteration affecting oil (e.g., biodegradation, thermal alter-
ation, TSR, evaporative fractionation, and gas invasion), and
petroleum filling periods and times, the petroleum accumulation
process in the study area was reconstructed.

In the late Caledonian period (478.00—384.60 Ma), the first oil
filling event occurred in the Ordovician reservoir of the Shunbei
Oilfield (Fig. 19). At this time, the reservoir temperature is less than
80 °C, providing favorable conditions for biodegradation (Fig. 19, I).
The detection of 25-norhopane in the oil further confirmed early-
stage biodegradation (Fig. 5). Subsequently, during the Permian
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Tarim Large Igneous Province (300.00—259.00 Ma), local thermal
anomalies resulted in the initially accumulated oil being degraded
(Fig. 19, II). These transient thermal anomaly events (e.g., magma
intrusion and hydrothermal), characterized by rapid heating rates,
can severely damage biomarkers (Figs. 12 and 19, II; Qiao et al.,
2024a, 2024c). Therefore, although the current reservoir tempera-
ture in F12 is generally higher than 190 °C, biomarker preservation
is comparatively better than in other fault zones (Figs. 4 and 19). It
is inferred that the biomarker reliability extends to at least 190 °C
for oil unaffected by thermal alteration. Seismic profiles mainly
indicate evidence of this magmatic intrusion through differences in
strong wave impedance between intrusive bodies and surrounding
rocks (Fig. 12). Following the cessation of magmatic activity, for-
mation temperatures quickly normalized. Subsequently, during the
Hercynian-Indosinian period (296.00—204.00 Ma), a second period
of oil from deeper basin regions was filled along the fault (Fig. 19).
Biomarker analysis revealed that thermally altered oil did not
contain second-period biomarkers. This indicates that oil filled in
the Hercynian-Indosinian period mainly originated from deeper
reservoirs and was also affected by thermal anomalies. At this time,
the formation temperature of the gypsum-salt layer of the
Cambrian reaches the threshold of TSR (>120 °C) (Qiao et al,
2024c). The oil begins to be affected by TSR through the interac-
tion of formation water and the gypsum-salt layer (Cai et al., 2022).
However, due to variations in the thickness of the gypsum-salt
layer, there are significant differences in the degree of TSR
affecting the oil. During the Himalayan period (41.90—2.85 Ma), oil-
cracking gas from deeper reservoirs began to migrate into shal-
lower reservoirs. During this time, natural gas transported a sig-
nificant proportion of 2-MH~+2,3-DMP and thiadiamondoids from
Cambrian to Ordovician reservoirs (Fig. 19, IV). Evaporative frac-
tionation and gas washing, induced by natural gas filling, played a
major role in shaping the current distribution of petroleum phases.
This process is also the primary reason why some condensate is still
in the initial stage of cracking.

6. Conclusion

The petroleum accumulation in Ordovician reservoirs in the
Shunbei Oilfield is complex due to their diverse properties and
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geochemistry. Through an investigation into the geochemistry and
geology of Ordovician petroleum in the Shunbei Oilfield, the
following conclusions emerge:

The Ordovician oil in the study area has reached high maturity. A
comprehensive analysis reveals three main periods of petroleum
filling in the Shunbei area. The Late Caledonian period
(478.00—384.60 Ma) and Hercynian Indochinese period
(296.00—204.00 Ma) were dominated by oil filling, whereas the
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Himalayan period (41.90—2.85 Ma) was characterized by natural gas
filling. The oil has undergone biodegradation, thermal alteration,
mixing, evaporative fractionation, and gas invasion. Evaporative
fractionation and gas invasion significantly influence the present
distribution of petroleum phases in the study area.

The rapid increase in formation temperature during Permian
magmatic intrusions and hydrothermal activity significantly
destroyed oil biomarkers. Biomarker reliability extends to at least



R.-Z. Qiao, M.-]. Li, D.-L. Zhang et al.

(@) . s 5 i
SHB6X, O,yj Formation temperature
195.74 °C
© 200 4
o)
<4
2
o
(]
o
5
2 100 o
s
0 T T
400 300 200 100 0
Age, Ma
© ST S i
SHB10X, O,yj
190.85 °C

O
s
o
<4
2
jud
@
o
5
°Q

Petroleum Science 22 (2025) 1465—1484

(®) ,, oS O KT e [-a
SHB82X, O,yj
O 200 A 175.50 °C
g \
]
©
<
Q.
€
Q
v
200 100 0
Age, Ma
@, s e K € [Ma
SHB121X, O,yj
© 200 4
o
S
S
[}
Q.
€
Q@

HC+S0,*> — Altered HC + Solid
bitumen + Calcite (CO,) + H,S

3

ya

I: Biodegradation

1I: Thermal alteration

I1I: Thermochemical sulfate reduction

IV: Evaporative fractionation

Fig. 19. Reservoir temperature evolution and reservoir-forming model diagram of the Yijianfang Formation (O;-,y), a representative well in Shunbei Oilfield. (a): SHB6X; (b):

SHB82X; (c): SHB10X; (d): SHB121X.

190 °C for oil unaffected by thermal alteration.

Indicators of TSR, including light hydrocarbons, aromatic hy-
drocarbons, and thiadiamondoids, suggest that TSR likely occurs in
the petroleum reservoirs adjacent to the gypsum-salt layers of the
Cambrian system.

The presence of oil cracking gas, evaporation fractionation, and
gas invasion further supports the existence of the Cambrian pe-
troleum system in the study area. This finding is crucial for
extending petroleum exploration to greater depths. Moreover, it
highlights the effective utilization of ultra-deep petroleum
geochemistry in reconstructing intricate petroleum accumulation
processes.
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