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A B S T R A C T

Steranes and terpanes, as key biomarkers in oils and source rock extracts, provide valuable information about 
their biological origins, depositional environment, and thermal maturity. The distribution patterns of steranes 
and terpanes in ultra-deep oil reservoirs within the Shuntuoguole low uplift are complex. The intensity of hy
drothermal activity and the influence of sulfur ions were assessed based on the conversion of “Biphe
nyl–Dibenzothiophene–Phenanthrene” series compounds. The results reveal that the southern sections of F5, 
F12, and F4 exhibit relatively strong hydrothermal activity (F number: No. number fault zone). The southern 
sections of F5, F1, and F4 are more significantly impacted by sulfur ion activity under the hydrothermal action. 
Studies indicate that sterane and terpene concentrations decrease due to sulfur ion activity under the hydro
thermal action. Tricyclic terpanes, cholestanes, C31-35 homohopanes, C30 hopane, C29 diahopane, and pregnane 
exhibit low stability under the influence of sulfur ion activity in the hydrothermal action. Notably, although 
tricyclic terpanes, cholestanes, and pregnane show low stability, they are not preferentially depleted. Combined 
analysis of the relative Gibbs free energies of C30 diahopane and C30 hopane showed that sulfur ions do not 
promote pyrolysis by altering the degradation pathways of steranes and terpanes. Instead, sulfur ions likely lower 
the pyrolysis threshold by reducing the activation energy, preserving the relative stability of steranes and ter
panes. This study advances the understanding of organic–inorganic interactions in hydrothermal systems.

1. Introduction

Hydrothermal systems typically occur near heat sources in the 
Earth’s crust and are commonly associated with magmatic activity 
(Large, 1992; Herzig et al., 1998). Hydrothermal processes are a key 
mechanism for material transfer and exchange from the lithosphere to 
the outer spheres (biosphere, hydrosphere, and atmosphere) (Sclater 
et al., 1980; Converse et al., 1984). Hydrothermal fluids are typically 
composed of water, volatile components (e.g., H2S, HCl, HF, CO2, etc.), 
and metal ions (e.g., Na, K, Mg, Ca, etc.) (Foustoukos and Seyfried, 
2004). It is well established that hydrothermal fluids play a crucial role 
in the formation of metal deposits, the distribution of gas hydrates, and 
the transformation of carbonate formations (Davies and Smith, 2006; 
Hannington et al., 2011; Boetius and Wenzhöfer, 2013). Furthermore, 
experiments demonstrate that the involvement of water and inorganic 
compounds typically enhances the reactivity of organic compounds, 
promoting organic-inorganic interactions (Foustoukos and Seyfried, 
2004; Wei et al., 2007; Shipp et al., 2014). For instance, hydrothermal 

petroleum typically contains substantial amounts of unresolved complex 
mixture (UCM), higher diamondoids, elevated concentrations of poly
cyclic aromatic compounds, and distorted molecular geochemistry 
(Didyk and Simoneit, 1989; Püttmann et al., 1989; McCollom and See
wald, 2006; Xu et al., 2021; Qiao et al., 2024a).

The Paleozoic ultra-deep reservoir in the Tarim Basin contains 
abundant petroleum resources, with distorted molecular geochemistry 
(Jia et al., 2010, 2013; Xu et al., 2022; Qiao et al., 2024b). Previous 
studies have attributed the distorted molecular geochemistry of Paleo
zoic oils to multiple source rocks. Differential contributions from Lower 
Ordovician–Cambrian and Middle–Upper Ordovician source rocks have 
resulted in distinct biomarker profiles and carbon isotopic compositions 
in these oils (Cai et al., 2009a; Li et al., 2010, 2015; Huang et al., 2016; 
Zhang et al., 2022). However, sulfur isotope analysis reveals that the 
majority of Paleozoic oil in the Tarim Basin originates primarily from 
Cambrian source rocks (Cai et al., 2009b, 2015). Subsequent studies 
sought to provide a “reasonable” explanation for this discrepancy, 
focusing on high maturity, secondary alteration, and multi-stage filling 
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(Wang et al., 2021; Qiao et al., 2024b; Zhang et al., 2024). Notably, few 
studies have explored the influence of hydrothermal alteration on the 
geochemical characteristics of oil. The Tarim Basin has undergone 
several phases of magmatic activity since the Paleozoic. The Permian 
Tarim Large Igneous Province (PTLIP) is the largest magmatic activity in 
the regional geological history, lasting over 37 Ma (Qiao et al., 2025a). 
This event provided a continuous heat source for the hydrothermal 
system, and radiometric dating and trace element confirm hydrothermal 
activity during this period (Li et al., 2024; Qiao et al., 2025b). Addi
tionally, the extensive tangential basement faults and Permian fault 
reactivation events in the Tarim Basin provided conduits for hydro
thermal upwelling (Ning et al., 2022). Numerous traces of silicification, 
cherts, fluorites, and other hydrothermal alterations observed in the 
Ordovician reservoirs of the Tarim Basin further confirm the widespread 
distribution of hydrothermal activity (Dong et al., 2013; Xu et al., 2022).

Xu et al. (2022) examined the “Biphenyl (Bp)–Dibenzothiophene 
(DBT)–Phenanthrene (Phen)” series compounds conversion during 

hydrothermal alteration. Subsequently, Qiao et al. (2024a) investigated 
the distribution of diamondoids under hydrothermal alteration. To date, 
there have been limited studies on the effects of hydrothermal alteration 
on steranes and terpanes. To assess the changes in steranes and terpanes 
under hydrothermal alteration, a series of studies were conducted on 33 
Paleozoic oil samples from the Tarim Basin. This study aimed to char
acterize the distribution patterns of steranes and terpanes under hy
drothermal alteration and to evaluate their geochemical stability and 
interpretive reliability under such conditions.

2. Geological setting

The Tarim Basin, the largest oil-bearing basin in western China, 
covers an area of 5.6 × 105 km2 (Fig. 1a). Surrounded by the West 
Kunlun, Altyn, and Tianshan mountains, the Tarim Basin consists of four 
depressions (Kuqa, North, Southwest, and Southeast Depressions) and 
three uplifts (Tabei, Central, and South Uplifts) (Fig. 1a). Radiometric 

Fig. 1. a) Division of tectonic units in the Tarim Basin, with distributions of silicic volcanics and basalts in the PTLIP (refer to Qiao et al., 2025a); b) Geological maps 
with the fault zone and well location distribution of the STGL low uplift; c) Composite stratigraphic column in the STGL low uplift.
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dating of hydrothermal calcite veins indicates multiple phases of hy
drothermal activity during the PTLIP (~300–262 Ma) (Qiao et al., 
2025a). The PTLIP served as a continuous heat source for hydrothermal 
activities (Qiao et al., 2025a). Numerous basal-cutting faults in the deep 
basin serve as key channels for the upward migration of hydrothermal 
fluids (Ning et al., 2022). The coordination of key elements in the hy
drothermal system (fluid, channels, and heat source) triggered large- 
scale hydrothermal activity during the Permian in the Tarim Basin, 
leading to the formation of silicification, cherts, fluorites, and other 
hydrothermal minerals (Dong et al., 2013; Xu et al., 2022).

The study area is the Shuntuoguole (STGL) low uplift, situated in the 
North Depression (Fig. 1b). Numerous petroleum reservoirs have been 
identified in the Paleozoic Ordovician, with an average depth exceeding 
7000 m (Fig. 1c; Qiao et al., 2024a). The petroleum reservoirs are pre
dominantly located along strike-slip faults, with variations in physical 
properties and petroleum phase between different fault zones (Qiao 
et al., 2024b).

3. Samples and methods

3.1. Samples

This study examines 33 oil samples from Paleozoic Ordovician res
ervoirs in the STGL low uplift, Tarim Basin. The reservoirs have different 
types of oil in them, such as light oil, volatile oil, and condensate (Qiao 
et al., 2024a, 2024b). The detailed classification criteria for petroleum 
phases are described in Qiao and Chen (2022). Detailed information on 
sampling and well locations was provided in Supplementary Table S1
and Fig. 1. The oil samples were collected by the author at the wellhead. 
Given that this study primarily involves volatile samples, including light 
oil, volatile oil, and condensate, the samples were refrigerated 
throughout the transport process to China University of Petroleum 
(Beijing).

3.2. Methods

50–60 mg of oil was weighed, and petroleum ether was used for 
precipitation filtration to remove asphaltenes. The filtrates were sub
sequently separated into saturated, aromatic, and resin fractions using 
traditional column chromatography. Organic sulfur compounds were 
isolated using Ag+ column chromatography following the procedure 
described in detail by Wei et al. (2012). Briefly, a 10 % AgNO3 solution, 
prepared with ultrapure water, was added to the activated silica and 
stirred thoroughly. The mixture was heated at 105 ◦C for 0.5 h to pre
pare the silica-supported Ag+, with the entire process conducted under 
light protection. The asphaltene-free filtrate was introduced to the Ag+

column and sequentially rinsed with petroleum ether, dichloromethane 
+ petroleum ether (2:1, v/v), and dichloromethane + methanol (9:1, v/ 
v). The dichloromethane + methanol (9:1, v/v) mixture elutes the 
organic sulfur compounds.

Saturated hydrocarbons, aromatic hydrocarbons, whole oils, and 
organic sulfur compounds were analyzed by GC–MS. The analysis was 
performed using an Agilent 6890 GC coupled with an Agilent 5975i mass 
spectrometer, equipped with an HP-PONA quartz capillary column (60 
m × 0.25 mm × 0.25 μm). The heating program was as follows: the 
initial temperature was set to 80 ◦C and held for 1 min, then increased to 
310 ◦C at a rate of 3 ◦C/min, followed by a 20 min hold. MS analysis was 
conducted using electron impact ionization at 70 eV, in full-scan mode 
with a scan range of 50–600 Da. Quantitative analyses were performed 
by adding several internal standards, including d50-C24 and d16- 
Adamantane.

4. Results

4.1. Saturated hydrocarbon compositions

Mass chromatograms (m/z 191 and m/z 217) revealed obvious dif
ferences in the distribution of sterane and terpene biomarkers from the 
oil samples (Fig. 2). Some oil samples retained the complete series of 
sterane and terpene biomarkers (Fig. 2a1–c2). However, mass spec
trometry (m/z 191 and m/z 217) of certain oils, such as SHB42X, showed 
only low levels of C19 tricyclic terpene (TT) and C21 pregnane (Fig. 2d1 
and d2). Quantitative analysis of the sterane and terpene biomarkers in 
the 33 oil samples revealed concentration ranges of 0.21–410.44 μg/g 
and 0.19–1620.95 μg/g, respectively (Supplementary Table S1).

4.2. Aromatic hydrocarbon compositions

Mass spectrometry (m/z 154 + 178 + 184 and m/z 168 + 192 + 198) 
revealed obvious differences in the distribution patterns of Bp, DBT, and 
Phen compounds in oil samples (Fig. 3). Mass spectrometry (m/z 154 +
178 + 184) shows that there are characteristic patterns dominated by 
Bp, DBT, and Phen compounds, respectively (Fig. 3a1–d1). Furthermore, 
the distribution patterns of the compounds “Bp–DBT–Phen”, “3-meth
ylbiphenyl (MBp)–4-methyldibenzothiophene (MDBT)–(1+3)-methyl
phenanthrene (MP)”, and “4-MBp–(2+3)-MDBT–2-MP” were essentially 
identical within the same oil sample. That is, they present a “V” shape or 
an inverted “V” shape, all displaying either a “V”-shaped or inverted 
“V”-shaped pattern (Fig. 3).

4.3. Diamondoids and thiadiamondoids

GC–MS analysis revealed the presence of variable concentrations of 
diamondoids and thiadiamondoids in ultra-deep oils from the STGL low 
uplift. Diamondoids and thiadiamondoids, stable cage structures, hold 
special geological significance. Diamondoids are widely used to assess 
the maturity (equivalent vitrinite reflectance: Rc; Rc = 0.4389 + 0.0243 
* MDI (methyldiamantane index)) and extent of oil cracking (EOC; EOC 
= 1.2402 * (100 * (1 –Co/Cc)) − 28.952, Co: baseline concentration of 
(3-+4-) methyldiamantane (MD) = 20 μg/g) (Chen et al., 1996; Dahl 
et al., 1999). Thiadiamondoids are considered effective indicators for 
TSR identification (Cai et al., 2009a, 2009b, 2022). The maturity and 
EOC ranges of 33 oil samples were 1.11 %–1.91 % and 0 %–93.20 %, 
respectively, based on the MDI (MDI = 4-MD/(1-MD + 3-MD + 4-MD)) 
and the concentration of (3-+ 4-) MD (Supplementary Table S1; Chen 
et al., 1996; Dahl et al., 1999; Peng et al., 2022). The concentration of 
thiadiamondoids in oil ranges from 0 to 177.02 μg/g, with significant 
variability (Supplementary Table S1).

5. Discussion

5.1. Distorted molecular geochemistry

The distorted molecular geochemistry of Paleozoic Ordovician ultra- 
deep oils in the Tarim Basin has been extensively studied (Xu et al., 
2022; Zhang et al., 2022). The application of sulfur isotope technology 
has resolved the oil-source debates in the Tarim Basin, establishing 
Cambrian source rocks as the primary contributors to Paleozoic Ordo
vician petroleum reservoirs (Cai et al., 2009b, 2015). Previous studies 
indicate that ultra-deep petroleum in the STGL low uplift is influenced 
by various secondary processes, yet diamondoids retain their stable 
characteristics (Qiao et al., 2024a, 2024b). The Rc, derived from the 
MDI index, effectively evaluates the thermal maturity of oil. The Rc 
distribution for the 33 oils in this study ranges from 1.11 % to 1.91 %, 
exhibiting significant variation (Supplementary Table S1). It was pre
viously believed that the decrease in sterane and terpene concentrations 
resulted from thermal evolution (Zhang et al., 2014; Qiao et al., 2022, 
2024c). However, combining reservoir temperature (TR), Rc, sterane 
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concentrations, and terpene concentrations reveals that thermal evolu
tion is not the primary cause of the concentration decrease. For example, 
SHB121X (TR = 191.62 ◦C; Rc = 1.76 %) exhibits much higher TR and Rc 
values, as well as significantly higher concentrations of steranes and 
terpanes, compared to SHB42X (TR = 158.80 ◦C; Rc = 1.51 %) (Fig. 2
and Supplementary Table S1). Therefore, the release of steranes and 
terpanes through kerogen pyrolysis and catalytic hydropyrolysis is un
likely the primary cause of the concentration difference (Seifert, 1978; 
Mackenzie et al., 1982; Mycke et al., 1987). We need to further 

investigate the origin of the distorted molecular geochemistry, espe
cially the distribution differences in steranes and terpanes.

5.2. Evaluation of hydrothermal activity

Previous studies on hydrothermal activity mainly focused on 
microscopic observations, isotope analysis, and trace element detection. 
These studies provide limited identification of hydrothermal activity, 
lacking quantitative characterization of its intensity or extent. Extensive 

Fig. 2. Representative m/z 191 (a1–d1) and m/z 217 (a2–d2) mass chromatograms in oils from the STGL low uplift.
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Fig. 3. Representative m/z (154 + 178 + 184) (a1–d1) and m/z (168 + 192 + 198) (a2–d2) mass chromatograms in oils from the STGL low uplift.
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evidence of hydrothermal activity has been identified in the Paleozoic 
Ordovician reservoirs of the STGL low uplift, including silicification, 
chert, fluorite, and hydrothermal dolomite (Dong et al., 2013; Xu et al., 
2022). Previous radiometric dating and trace element research 
confirmed multiple phases of extensive hydrothermal activity during the 
PTLIP (Li et al., 2024; Qiao et al., 2025a). The combination of PTLIP 
(stable heat source) and fault reactivation (channel) led to hydrothermal 
upwelling and alteration of the petroleum reservoir (Ning et al., 2022; 
Qiao et al., 2025a). It serves as an ideal natural laboratory for quanti
tatively assessing the intensity and extent of hydrothermal activity. Xu 
et al. (2022) demonstrated that hydrothermal activity promotes the 
interaction of organic-inorganic compounds, such as the mutual con
version of “Bp–DBT–Phen” series compounds by inorganic elements 
(hydrogen and sulfur ions) (Fig. 4a). However, the influence of TSR on 
dibenzothiophene series compounds must first be excluded when using 
the conversion of “Bp–DBT–Phen” series compounds to evaluate hy
drothermal activity. Quantitative analysis of thiadiamondoid shows that 
TSR exists locally in several wells in the southern sections of F4 and F5 
(Qiao et al., 2024a, 2025; Wang et al., 2024). The thiadiamondoids 
concentration in the SHB42X well oil was 41.49 μg/g, indicating a TSR 
impact (Supplementary Table S1). The sulfur isotope values of diben
zothiophene series compounds range from 19.0 ‰ to 23.2 ‰ (Wang 
et al., 2024), aligning closely with those in Cambrian source rocks (14.0 
‰–21.6 ‰) (Cai et al., 2009b, 2015) but significantly lower than those 
in Cambrian gypsum (26.8 ‰–34.1 ‰) (Cai et al., 2016). Previous 
studies have shown that in the STGL low uplift, only five wells located in 
the southern section of F4 and F5 are influenced by TSR (Qiao et al., 
2024a). This indicates that TSR is limited in reaction degree and has no 
influence on dibenzothiophene compounds in most samples in this 
study. Therefore, the “Bp–DBT–Phen” series compounds conversion is a 
useful method for evaluating ultra-deep hydrothermal activity in the 
STGL low uplift.

The ternary plots of “3-MBp–4-MDBT–(1+3)-MP” and “4-MBp– 
(3+2)-MDBT–2-MP” exhibit distinct distribution patterns of oils in the 
STGL low uplift (Fig. 4 b and c). Sulfur isotope data indicate that 
Paleozoic Ordovician oils in the STGL low uplift originate from a single 
source, primarily Cambrian source rocks (Cai et al., 2009b, 2015). 
Therefore, this variation is likely attributed to hydrothermal activity. In 
addition to the 33 oil samples analyzed in this study, 55 additional sets 
of aromatic data were compiled for the contour plots (Supplementary 
Table S2). Detailed well locations are provided in Supplementary 
Fig. S1. The relative hydrothermal activity intensity (RHAI) is repre
sented by the ratio of (Bp series + DBT series)/Phen series (Fig. 5). Fig. 5
illustrates that the RHAI in the southern sections of F5, F12, and F4 is 
significantly higher than in other fault zones of the STGL low uplift. 
Notably, the oils from the F12 contain a high concentration of steranes 

and terpanes (Supplementary Table S1).
The “Bp–DBT–Phen” series compounds conversion under hydro

thermal activity involves two distinct processes: hydrogen addition 
(Phen series conversion to Bp series) and sulfur addition (Bp series 
conversion to DBT series) (Fig. 4a). As the final product of series com
pound conversion, the DBT series compounds provide convenience for 
evaluating the influence of sulfur ions under hydrothermal activity. 
Previous studies have shown that sulfur ion involvement reduces the 
stability of biomarkers (Cai et al., 2019). The contour plots generated 
from the 4-MDBT proportion (100 * 4-MDBT/((3 + 1)-MP + 3-MBP + 4- 
MDBT)) and (2 + 3)-MDBT proportion (100 * (2 + 3)-MDBT/(2-MP + 4- 
MBP + (2 + 3)-MDBT)) exhibit nearly identical distribution character
istics (Fig. 6a and b). This consistency validates the validity of the 
“Bp–DBT–Phen” series compound transformation pathway under hy
drothermal influence. Furthermore, variations in these ratios can 
effectively track sulfur ion migration pathways during hydrothermal 
activity (Fig. 6a and b). The results reveal that the southern sections of 
F5, F1, and F4 are subject to stronger sulfur ion activity (Fig. 6).

5.3. Influencing factors of saturated hydrocarbon biomarkers

Ultra-deep petroleum typically undergoes complex geological pro
cesses, where secondary alterations play a significant role (Qiao et al., 
2022, 2024c). Previous studies indicate that ultra-deep oil in the STGL 
low uplift is influenced by the superimposition of various secondary 
processes, such as biodegradation, oil cracking, TSR, evaporative frac
tionation, and hydrothermal alteration (Cai et al., 2009a; Qiao et al., 
2024a, 2024b; Wang et al., 2024). These alterations likely drive the 
complex geochemical characteristics and the reduced concentrations of 
steranes and terpanes in the oil. Through comprehensive analysis of 
secondary alteration effects, the primary factors responsible for the 
reduction of sterane and terpane concentrations in oil were identified.

During biodegradation, hydrocarbon-degrading bacteria possess 
metabolic systems that are related to alkane recognition, transport, and 
degradation (Rojo, 2009; Perdigão et al., 2021). In addition to n-alkanes 
and iso-alkanes, steranes and terpanes are also preferentially degraded 
(Larter et al., 2003; Peters et al., 2005). However, in the STGL low uplift 
ultra-deep reservoir, biodegradation is limited to oil entrapped during 
the Late Caledonian period (Qiao et al., 2024a, 2024b). Furthermore, 
abundant 25-norhopane compounds were identified in the oil from the 
STGL low uplift, indicating that the oil had experienced biodegradation 
above level 6 (Peters et al., 2005). Intact n-alkanes were still present, 
and the oil was predominantly light. This suggests that the biodegraded 
component, likely formed during the Late Caledonian period, consti
tuted only a minor proportion, indicating that biodegradation had a 
negligible impact on sterane and terpane distributions. Previous studies 

Fig. 4. a) Molecular structures and conceptional multiple conversion pathways of PACs (refer to Xu et al., 2022); b) Ternary diagrams showing the relative 
abundance of b) 3-MBp, 4-MDBT, and (1 + 3)-MP and c) 4-MBp, (2 + 3)-MDBT, and 2-MP.
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Fig. 5. Contour map of the ratio ((Bp series + DBT series)/Phen series) to indicate the relative hydrothermal activity intensity; Bp series = Bp+ (3 + 4)-MBp, DBT 
series = DBT+ (2 + 3 + 4)-MDBT; Phen series = Phen+(1 + 2 + 3)-MP.

Fig. 6. Contour map of the ratios (4-MDBT proportion (a) and (2-+3-) MDBT proportion (b)) to indicate the sulfur ion transport path under hydrothermal activity.
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have indicated that evaporative fractionation primarily affects low 
molecular weight n-alkanes and diamondoids, with minimal impact on 
high molecular weight biomarkers (Qiao et al., 2024c). The toluene/nC7 
ratios in the STGL low uplift oils remain consistently low under evapo
rative fractionation (Qiao et al., 2024a, 2024b). Steranes and terpanes 
have much higher molecular weights than toluene. Therefore, the effect 
of evaporative fractionation on steranes and terpanes is also negligible.

Biomarkers controlled by chemical structure exhibit differential 
distribution during thermal evolution (Peters et al., 2005). Generally, 
short-chain biomarkers exhibit higher thermal stability than long-chain 
biomarkers (Lewan, 1997). For homologues, biomarkers with longer 
side chains are more prone to thermal degradation than those with 
shorter side chains (Beach et al., 1989). Consequently, the concentra
tions of steranes and terpanes also decrease during oil cracking. 
Furthermore, Cai et al. (2019) demonstrated that TSR significantly re
duces the concentrations of steranes and terpanes.

Previous studies have shown that diamondoids in oil from the STGL 
low uplift have not been affected by other secondary effects except for 
oil cracking (Qiao et al., 2024a). Therefore, the parameters related to 
diamondoids are reliable. This study selected sterane and terpene con
centrations along with 4-MDBT proportion, (2-+3-) MDBT proportion, 
RHAI, Rc, EOC, and the concentrations of thiadiamondoids (TAs) for the 
correlation heat map (Fig. 7). The calculation formulas for the relevant 
parameters are provided in Supplementary Table S1. Sterane and 
terpene concentrations showed weak correlations with RHAI, Rc, EOC, 
TAs, reservoir pressure (PR), and Reservoir temperature (TR) (Fig. 7). 
Previous studies suggested that TSR would also lead to a decrease in the 
concentrations of steranes and terpanes. In this study, only a few oil 
samples were affected by TSR. Therefore, we compared the current 
samples with TSR-affected oils from the Tazhong area. The concentra
tion of TAs in ZG45 oil (TAs = 47.80 μg/g) was similar to that in SHB42X 
oil (TAs = 41.49 μg/g), and both originated from the Cambrian Yuertusi 
Formation source rock (Fig. 8; Cai et al., 2015; Qiao et al., 2024b). The 
terpane compounds in ZG45 oil were almost completely preserved, 
whereas those in SHB42X oil were nearly completely cracked (Fig. 8a 

and 8b). This suggests that different controlling factors influenced the 
terpanes’ distribution in the two areas. Additionally, the concentration 
of TAs in SHB4-1H oil was 4.33 μg/g, below the TSR threshold (20.00 
μg/g) defined for the Tarim Basin. This indicates that SHB4-1H oil was 
not affected by TSR. However, it contained almost no terpane com
pounds (Fig. 8c). These observations imply that TSR is not the primary 
factor controlling sterane and terpane depletion in oils from the STGL 
low uplift. A significant negative correlation was observed with the 
proportions of 4-MDBT and (2-+3-) MDBT, yielding correlation co
efficients ranging from − 0.78 to − 0.83 (Fig. 7). This suggests that sulfur 
ions in hydrothermal activity contribute to the reduction of sterane and 
terpene concentrations. The primary source of sulfur ions is likely 
thermochemical sulfate reduction (TSR) within the Cambrian reservoirs 
(Wang et al., 2024; Qiao et al., 2024a). Previous studies have reported 
that TSR generates abundant intermediate valence sulfur species (e.g., 
S0 and S3

- ) (Wan et al., 2024). These sulfur species migrated upward with 
hydrothermal fluids into the Ordovician reservoirs, leading to reduced 
concentrations of steranes and terpanes. Notably, hydrothermal activity 
can also facilitate TSR (Simoneit and Fetzer, 1996). This may indicate 
limited hydrothermal fluid transport capacity, which restricted TSR 
development in most petroleum reservoirs within the STGL low uplift.

5.4. Influence of sulfur ion participation on steranes and terpanes under 
hydrothermal action

To further clarify the influence of sulfur ions on steranes and ter
panes under hydrothermal action, a comprehensive analysis was carried 
out based on 4-MDBT proportion and the concentrations of sterane and 
terpane compounds. Fig. 9 illustrates that the concentrations of steranes 
and terpanes decrease as a power function of sulfur ion involvement. In 
addition, concentrations of various steranes and terpanes follow a power 
function of the 4-MDBT proportion, as shown in the Supplementary 
Fig. S2. This power function relationship suggests that sulfur ions in
fluence the concentrations of various steranes and terpanes under hy
drothermal conditions (Fig. 10a). The results showed that TTs, 

Fig. 7. The correlation heat map of steranes and terpanes concentrations with 4-MDBT proportion, (2 + 3)-MDBT proportion, RHAI, Rc, EOC, and TAs 
concentrations.
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cholestanes, C31-35 homohopanes, C30 hopane (H), C29 diahopane (D), 
and pregnane have the lowest stability under the influence of sulfur ions 
in the hydrothermal process (Fig. 10a). It is worth noting that TTs, 
cholestanes, and pregnane are not preferentially depleted (Figs. 2 and 
10a).

Relative Gibbs free energies (ΔG) have been widely applied to assess 
the thermodynamic stability of isomers (Szczerba and Rospondek, 
2010). A previous study based on density functional theory calculations 
showed that C30D (ΔG = 0 kcal/mol) is thermodynamically more stable 
than C30H (ΔG = 1.50 kcal/mol) (Xiao et al., 2019). This difference 
likely arises from variations in molecular structure, particularly the 
position of the methyl substituents. C30D is relatively stable, as its 
methyl groups are positioned distally. In contrast, C30H is less stable, 
primarily due to steric hindrance caused by methyl groups at C-26 and 
C-27 (Fig. 9b). Under the hydrothermal action, the stability of C30D is 
still consistently greater than that of C30H with the participation of 
sulfur ions (Fig. 10b). Therefore, under hydrothermal conditions, sulfur 
ions may not promote pyrolysis by changing the degradation pathways 
of steranes and terpanes. Instead, sulfur ions can lower the pyrolysis 
threshold by reducing the activation energy while maintaining the 
relative stability of steranes and terpanes. This discovery provides a 

more reasonable explanation for the variation of the distribution of 
steranes and terpanes in ultra-deep oil with STGL low uplift.

6. Conclusions

In this study, the effects of hydrothermal activity on steranes and 
terpanes in ultra-deep oil from the STGL low uplift were investigated by 
means of organic geochemistry. The results show that the conversion of 
“Biphenyl–Dibenzothiophene–Phenanthrene” series compounds can be 
effectively applied to evaluate the intensity of hydrothermal activity and 
the influence of sulfur ions under the hydrothermal action. Among them, 
the southern sections of F5, F12, and F4 exhibit relatively strong hy
drothermal activity. The southern sections of F5, F1, and F4 are more 
significantly impacted by sulfur ion activity under the hydrothermal 
action. Studies indicate that sterane and terpene concentrations in the 
oil decrease due to sulfur ion activity under the hydrothermal action. 
Tricyclic terpanes (TTs), cholestanes, C31-35 homohopanes, C30 hopane 
(H), C29 diahopane (D), and pregnane exhibit low stability under the 
influence of sulfur ion activity in the hydrothermal action. Notably, 
although TTs, cholestanes, and pregnane show low stability, they are not 
preferentially depleted. Combined analysis of the relative Gibbs free 

Fig. 8. Representative m/z 191 mass chromatograms in oils from the Tazhong uplift and the STGL low uplift. a) ZG45 oil, b) SHB42X, and c) SHB4-1H.
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Fig. 9. Cross-plots indicating changes in the sterane and terpane concentrations under the involvement of sulfur ions in the hydrothermal action. a) Terpene series 
concentrations vs. 4-MDBT proportion; b) sterane series concentrations vs. 4-MDBT proportion; c) terpene series concentrations vs. (2 + 3)-MDBT proportion; d) 
sterane series concentrations vs. (2 + 3)-MDBT proportion.

Fig. 10. a) Variation of the various sterane and terpane concentrations under the involvement of sulfur ions in the hydrothermal action; b) Variation of the C30D and 
C30H concentrations under the involvement of sulfur ions in the hydrothermal action, with thermodynamic properties of C30D and C30H at the B3LYP/6-311++G (d, 
p) level (refer to Xiao et al., 2019).
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energies of C30D and C30H showed that sulfur ions do not promote py
rolysis by altering the degradation pathways of steranes and terpanes. 
Instead, sulfur ions likely lower the pyrolysis threshold by reducing the 
activation energy, preserving the relative stability of steranes and 
terpanes.
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