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Large igneous provinces (LIPs), a critical area in Earth science, are closely related to paleoenvironmental 
evolution and biodiversity. The Permian Tarim large igneous province (TLIP) provides an ideal laboratory 
for correlational research. Previous reports show that the TLIP formed 300–262 Ma. Based on igneous 
lithology and the upper limit of single magmatic activity (<5 Ma), the TLIP can be divided into five main 
magmatic episodes. Core logging, seismic sections, lithofacies observations, and in-situ calcite U-Pb dat-
ing indicate diabase intrusions and a hydrothermal upwelling event ( 295.9–273 Ma) resulted from TLIP 
magmatic activity. The results indicate that polycyclic aromatic compounds (PACs) in oil are powerful 
proxies of magmatic intrusion and hydrothermal activity in the Permian TLIP. The existing diabase intru-
sion (EDI) samples show a higher concentration of high-molecular-weight (HMW) PACs ( 5-ring PACs) 
and greater combustion-derived PAC ratios. The distribution coupling between the diabase intrusion 
and PACs indicates that the HMW PACs are mainly derived from the cycloaddition reactions by the pyro-
genic source (i.e., diabase intrusion). The conversion of phenanthrene (Phe), biphenyl (Bp), and diben-
zothiophene (DBT) series compounds indicates that the oil is altered by hydrothermal activity. The 
hydrogenium and sulfur carried by the hydrothermal upwelling process promote the heteroatom incor-
poration of PACs. The cycloaddition and heteroatom incorporation reactions of PACs during the formation 
of LIPs offer a new perspective for evaluating their impact. PACs serve as effective proxies for LIPs and 
may also contribute to biological crises associated with LIPs. 
© 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on 

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introduction 

Over the past few decades, large igneous provinces (LIPs) have 
been a significant research focus in Earth science, representing 
intraplate tectonic igneous events throughout Earth’s history 
(Bryan and Ferrari, 2013). At present, the best-recognized LIPs refer 
to the large-scale magmatic formation in the intraplate tectonic 
due to continuous or pulsating magmatism of short duration 
(Coffin and Eldholm, 1994; Bryan and Ernst, 2008). LIPs formation 
is typically closely associated with mantle plume activity (Morgan, 
1971; Richards et al., 1989; Li and Powell, 2001; Cheng et al., 
2018). Throughout geological history, extensive volcanic activity 
in LIPs has released significant amounts of cinder, toxic gases, 
and greenhouse gases (Svensen et al., 2004; Yang et al., 2020). 
These have a direct impact on the global climate and biodiversity 
(Wignall, 2001; Burgess et al., 2015). Additionally, investigations 
into LIPs are significant for understanding the formation of mineral
resources (such as vanadium titanomagnetite, copper-nickel sul-
fide deposits, and other rare metal minerals) and their impact on
petroleum systems (Hitzman et al., 1992; Pollard, 2006; Aarnes
et al., 2010; Spacapan et al., 2018).

The Permian period (299–251 Ma) experienced relatively high 
volcanic activity in geological history. During this period, there 
were at least four large-scale flood basalt eruptions: the Tarim 
LIP (TLIP; 300–262 Ma), the Himalayan magmatic province 
(HMP; 290 Ma), the Emeishan LIP (ELIP; 260 Ma), and the Siber-
ian Traps (ST; 252 Ma) (Supplementary Data Fig. S1; Sobolev 
et al., 2011; Shellnutt, 2014; Chen and Xu, 2019). Previous studies 
have shown that Permian LIPs contain significant petroleum 
resources in Paleozoic and Proterozoic reservoirs (Frolov et al., 
2015; Feng et al., 2022; Xu et al., 2024). Magma and hydrothermal 
fluids migrate vertically and laterally along faults and unconformi-
ties (Langhorne, 2006; Cartwright, 2007). The flow of magma and 
hydrothermal fluids through the petroleum system accelerates 
hydrocarbon generation in source rocks (Othmana et al., 2001;
g). 
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Monreal et al., 2009), facilitates petroleum migration and accumu-
lation (Schofield et al., 2015), enhances reservoir capacity (Duffy 
et al., 2021), induces large-scale oil cracking (Yang et al., 2022), 
and increases formation closure (Chukwuma et al., 2023). During 
this process, amounts of greenhouse gases (e.g., CH4, CO2) and toxic 
gases (e.g., H2S) produced by petroleum pyrolysis, triggered by 
magmatic and hydrothermal activities, appear to be a crucial 
mechanism leading to global warming and biological extinction 
(Knoll and Grotzinger, 1996; Chen et al., 2022; Yang et al., 2022). 
However, the process produces more than just greenhouse and 
toxic gases. It also involves various reactions between different 
organic compounds, particularly the cycloaddition and heteroatom 
incorporation reactions of polycyclic aromatic compounds (PACs), 
which warrant significant attention (Xu et al., 2022). The abun-
dance and distribution of combustion-derived PACs can effectively 
record thermal anomaly events in geological history (Fox et al., 
2022; Jiao et al., 2023). PACs, persistent pollutants with extensive 
biological toxicity, are generally highly toxic, carcinogenic, terato-
genic, mutagenic, and immunotoxic to various life forms (Lovelock 
et al., 1962; Peterson, 2003). The conversion of PACs from LIPs 
seems to need more attention. 

The Tarim Basin, a typical LIP in China, contains abundant pet-
roleum resources, particularly liquid hydrocarbons, within its 
Proterozoic and Paleozoic carbonate reservoirs (Zhu and Zhang, 
2022; Zhang et al., 2024). This offers an excellent opportunity to 
investigate the impact of LIPs on organic fluid evolution. The dia-
base intrusion area of the Upper Ordovician in the Shunbei oilfield 
was delineated using core logging and seismic data. Core observa-
tion, in-situ calcite U-Pb dating, and organic geochemistry were 
employed to thoroughly evaluate the impact of LIP formations on 
PACs in organic fluids. This study offers a novel perspective on 
the influence of LIPs. 
2. Geological setting 

The Tarim Basin, located in northwest China, is bordered by the 
Kunlun, Tianshan, and Altyn orogenic belts, covering an area of 
5.6 105 km2 (Fig. 1a). It is the largest petroleum basin in China, 
composed of the Palaeozoic craton and Meso-Cenozoic foreland 
basins. From north to south, the Tarim Basin is generally divided 
into seven tectonic units: the Kuqa Depression, the Tabei Uplift, 
the Northern Depression, the Central Uplift, the Southwestern 
Depression, the Southern Uplift, and the Southeast Depression 
(Fig. 1a). 

The Tarim Plate, hosting the Tarim Basin, is among the world’s 
oldest cratons. The crystalline rock system formed in four primary 
stages: the Archean trondhjemite-tonalite-granodiorite evolution 
stage (2.8–2.5 Ga), the mid-late Paleoproterozoic A-type granite 
and basic dike swarm stage (2.0–1.8 Ga), the late Mesoproterozoic 
to late Neoproterozoic development of giant granite, basic dike 
swarms, ultramafic, and mafic rocks (1.0–0.9 Ga, 830–740 Ma, 
650–630 Ma), and the Permian LIPs stage (300–262 Ma), character-
ized by flood basalts, basic dike swarms, granite, ultramafic, and 
mafic rock development (Zhang et al., 2013; Lu et al., 2023). 

The Permian TLIP is the largest and most influential intra-plate 
magmatic event in the geological history of the region (Zhu and 
Zhang, 2022). It is widely distributed across the central and west-
ern parts of the Tarim Basin (Fig. 1a). Most of the igneous rocks are 
not completely exposed under the cover of the Taklimakan Desert. 
The primary types of igneous rocks are flood basalt and layered 
basic-ultrabasic intrusive rocks, followed by lamprophyres, dia-
mondiferous kimberlites, alkaline igneous complexes, rhyolites, 
bimodal dyke swarms, and pyroclastic rocks (Zhu and Zhang, 
2022). In recent years, petroleum drilling and geophysical 
prospecting have revealed that the coverage area of the TLIP 
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exceeds 0.25 105 km2 and the total volume of magma exceeds 
0.15 105 km2 (Fig. 1a; Xu et al., 2014). 

3. Samples and methods 

3.1. Samples 

The samples for this study were obtained from petroleum wells 
in the Tabei and Shunbei oilfields (Fig. 1). A total of thirteen rock 
core and thirty-eight oil samples were collected from depths 
between 7,345 m and 9,145 m below the surface. Detailed sam-
pling locations and types are shown in Fig. 1 and Supplementary 
Data Table S1. Additionally, the oil samples were collected directly 
from the wellhead. To prevent the loss of oil components, the sam-
ples were refrigerated during transportation to the China Univer-
sity of Petroleum (Beijing). 

3.2. Analysis of aromatics in rocks and oils 

After crushing the rock core sample, approximately 100 g of it 
was weighed, and the soluble organic matter was extracted using 
a Soxhlet apparatus. The powder samples were extracted with 
300 mL of dichloromethane for 72 h and concentrated using a 
rotary evaporator. 

Column chromatography was utilized to separate the extracts 
and oils. The sample was separated into asphaltenes, saturates, 
aromatics, and resins using elution solvents including petroleum 
ether, petroleum ether with dichloromethane (2:1, v/v), and 
dichloromethane with methanol (9:1, v/v). 

Analysis of the aromatic fraction was conducted using gas 
chromatography-mass spectrometry (GC–MS) employing an Agi-
lent 7890 GC/5975i MS system. The GC instrument was equipped 
with an HP-PONA column (internal diameter: 60 m 0.25 mm, 
film thickness: 0.25 lm). For detailed temperature and testing pro-
gram information, please refer to Qiao et al. (2024a). The quantifi-
cation of aromatic fractions was conducted using known 
concentrations of d8-dibenzothiophene as internal standards. 

3.3. Analysis of diamondoids and thiadiamondoids 

Organic sulfur compounds (OSCs) were separated using a silver 
chromatography column. The preparation process included dis-
solving AgNO3 in distilled water and impregnating 200-mesh silica 
gel, followed by activation at 105 °C for 4 h. The chromatography 
column was initially filled with AgNO3-impregnated silica gel, fol-
lowed by ordinary silica gel in a 3:2 ratio. The chromatography col-
umn was moistened with n-hexane, and the sample was dissolved 
by adding a few drops of n-hexane. Subsequently, the sample was 
loaded onto a chromatography column impregnated with AgNO3. 
The saturates, aromatics, and OSCs were successively separated 
using n-hexane, dichloromethane, and acetone. 

Analysis of the whole and OSC fractions was conducted using 
GC–MS employing an Agilent 7890 GC/5975i MS system. The GC 
instrument was equipped with an HP-PONA column (internal 
diameter: 60 m 0.25 mm, film thickness: 0.25 lm). The analyti-
cal procedure began with heating the gas chromatograph to 60 °C 
and keeping for 2 min, followed by a ramp to 310 °C at a rate of 
3 °C/min, with a subsequent keep for 5 min. The quantification of 
diamondoids and thiadiamondoids was conducted using known 
concentrations of d16-Adamantan as internal standards. 
3.4. Optical observation 

Calcite vein samples from the Ordovician reservoir drilling cores 
in the Shunbei oilfield were collected for thin-section preparation.
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Fig. 1. (a) Tectonic sketch map of the Tarim Basin, with distributions of basalts and silicic volcanics in the Permian TLIP (revised after Liu et al., 2019), location and geometry 
of the mantle plume head (refer to Xu et al., 2020), and locations of petroleum wells and outcrops. (b) Tectonic sketch map of the Shunbei oilfield, with locations of the 
sampling petroleum wells. STGL low uplift: Shuntuoguole low uplift, Lines A–A‘ and B–B‘ represent the profiles shown in Fig. 2.
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The samples were polished on both sides to a thickness of approx-
imately 0.03 mm. Transmitted light, reflected light, and cathodolu-
minescence were observed using a Leica DM4500P polarizing 
microscope. The stages of calcite vein development are identified 
based on petrographic characteristics.
3.5. Calcite U–Pb dating 

Samples for U-Pb dating are cut, cleaned, and made into targets 
approximately 1.5 cm thick. After polishing, the samples were 
washed in an ultrasonic bath for 30 min using a washing solution. 
Subsequently, the sample underwent three rounds of cleaning with 
deionized water and was dried on a hot plate at 40 °C to eliminate 
any surface contamination. The RESOlution SE laser and Thermo 
iCap-RQ quadrupole ICPMS were utilized for sample analysis. The 
calcite standard AHX-1B, with a measured age of 207.2 ± 2.0 Ma, 
was employed for further calibration of the 238 U/206 Pb ratio. The 
raw data underwent processing using the software Iolite v3.6 to 
obtain the corresponding isotope ratios. Subsequently, the concor-
dia diagram and age calculation were performed using the soft-
ware Isoplot 3.0. For detailed testing processes and standard 
sample information, please refer to Shen et al. (2019). 
4. Results 

4.1. Identification and distribution of igneous intrusions 

Core logging reveals widely developed igneous intrusions of 
varying thickness in the Upper Ordovician strata of the Shunbei oil-
field, predominantly composed of diabase (Fig. 2a and b). Seismic 
sections indicate that the diabase intrusions exhibit 
Fig. 2. (a) Generalized stratigraphy columns of the Shunbei oilfield, Tarim Basin. (b) Silur
(Wells SHB81X, SHB82X, SHB803X, SHB801X, SHB8X, SHB83X, and SHB85X; see Fig. 1a f
Fig. 1a for location). 
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high-amplitude reflection characteristics and are roughly parallel 
to the sedimentary strata (Fig. 2c). 

In the Shunbei oilfield, magma migrates upward along faults 
from the deep basin. Seismic reflections at the magma channel 
are characterized by chaotic and high-amplitude reflections (Sup-
plementary Data Fig. S2a). After reaching the Upper Ordovician 
bottom (seismic interface as T7 4 ), the magma began to flow later-
ally, forming diabase intrusions. The lateral continuity of these 
high-amplitude reflections is poor, often forming inclined dikes 
at both ends. Spatially, these intrusions exhibit saucer-shaped 
morphologies, concentrated between the T7 4 and T7 0 interfaces (Sup-
plementary Data Fig. S2a). Additionally, the strata above the 
saucer-shaped sills tend to uplift due to the influence of diabase 
intrusions (Supplementary Data Fig. S2b). 

Seismic section analysis reveals diabase intrusions in the F1, F5, 
F4, and F8 faults within the study area (Supplementary Data 
Fig. S2). No saucer-shaped intrusion is observed in the F12 fault 
(Supplementary Data Fig. S2f). Additionally, 3D seismic data fur-
ther characterizes the diabase intrusion between the T7 4 and T7 0 

interfaces in the Shunbei oilfield. According to the characterization 
results, the distribution range of diabase intrusion is described on 
the plane. The planar distribution of diabase intrusions and strike-
slip fault zones indicates that intrusions are scattered between F13 
and F10 faults (Supplementary Data Fig. S2g). The planar distribu-
tion of diabase intrusions in the Shunbei oilfield aligns with that of 
flood basalts and silicic volcanics in the Permian TLIP (Fig. 1a and 
Supplementary Data Fig. S2g). 

4.2. Petrography 

Drilling core observations showed prevalent yellow siliceous 
and hydrothermal alterations in the core of well SHB82X
ian-Ordovician well-tie profile in the No. 8 fault zone of Shunbei oilfield, Tarim Basin 
or location). (c) Typical seismic section through SHB8X well in the Tarim Basin (see 
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(Supplementary Data Fig. S3a and b). Yellow siliceous and 
hydrothermal fluids were infiltrated along the fractures and were 
accompanied by pore development (Supplementary Data Fig. S3a 
and b). Microscopic and cathodoluminescence analyses revealed 
two phases of calcite cement in the Middle and Lower Ordovician 
carbonate reservoirs of the Shunbei oilfield (Supplementary Data 
Fig. S3c and d). The cathodoluminescence of calcite cement in 
the first (C1) and second (C2) phases shows dim brownish-
yellow and luminous yellow hues, respectively (Supplementary 
Data Fig. S3c and d). The C2 calcite cement predominantly devel-
oped along high-angle structural fractures (Supplementary Data 
Fig. S3e). The SHB42X cores exhibited bitumen filling and semi-
filling in the C2 calcite cement (Supplementary Data Fig. S3e). 

4.3. Calcite U–Pb dating results 

Seven calcite veins and cements from Ordovician reservoirs in 
the Shunbei oilfield were chosen for U-Pb dating. The samples 
exhibited low common lead concentrations and high 238 U/206 Pb 
ratios. The high 238 U/206 Pb ratios (>7) were crucial for the success 
of the in-situ calcite U-Pb dating. In addition, the error coefficient 
of in-situ calcite U-Pb dating is below 8.5%, and the MSWD values 
range from 1.9 to 2.9, indicating reliable dating results. 

The results show that the formation ages of the C1 calcite 
cement in the Ordovician reservoir in the Shunbei oilfield are 
465.3 ± 7.8 Ma (N = 32; MSWD = 1.9), 434.0 ± 14.0 Ma (N = 56; 
MSWD = 2.9), 410.0 ± 24.0 Ma (N = 51; MSWD = 2.2), and 351.0 ± 
30.0 Ma (N = 12; MSWD = 1.9), respectively (Supplementary Data 
Table S2). The formation ages of the C2 calcite cement are 295.9 ± 
5.2 Ma (N = 27; MSWD = 2.9) and 273.0 ± 7.5 Ma (N = 37; MSWD = 
1.3) (Supplementary Data Table S2). 

4.4. Identification and distribution of polycyclic aromatic compounds 

The total ion chromatography (TIC) of the aromatic components 
from the samples shows significant differences (Fig. 3). Among 
them, the TIC of aromatic components from the existing diabase 
intrusion (EDI) samples shows baseline humps (Fig. 3c1 and d1). 
GC–MS of the aromatic fractions detected > 3-ring PACs in addition 
Fig. 3. Total ion chromatograms of aromatic hydrocarbon fractions and mass chromatog
278, and m/z 300) for representative drill hole cores (TS5 and SHB42X) and oils (SHB12
Rcrock: The equivalent vitrinite reflectance of bitumen (calculated according to the 
methyldiamantane index; MDI = 4-MD/(1-MD+3-MD+4-MD); MD: methyldiamantane; R
No diabase intrusion. For abbreviations of PACs, see Supplementary Data Table S3. 
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to naphthalene (Nap), biphenyl (Bp), phenanthrene (Phe), and 
dibenzothiophene (DBT) and their alkylation derivatives (Fig. 3). 
Notably, compared with the no diabase intrusion (NDI) samples, 
the EDI samples contain higher abundances of 6-ring and 7-ring 
PACs (Fig. 3). Compared to oils, cores experience varying degrees 
of light-molecular-weight aromatic hydrocarbon loss during 
preservation and Soxhlet extraction. Consequently, core analysis 
primarily focuses on > 4-ring PACs. In addition, the compound 
names, abbreviations, molecular formulas, and M+ (m/z) informa-
tion of the PACs involved in this study are recorded in detail in Sup-
plementary Data Table S3. Supplementary Data Fig. S4 provides the 
mass spectrum of the PACs involved in this study. 

4.5. Thiadiamondoid compounds 

GC–MS analysis of the thiadiamondoids revealed that the oils 
did not contain thiadiamondoids with more than three cages. In 
addition, only thiaadamantane and thiadiamantane series com-
pounds were detected in most oils, while thiatriamantane series 
compounds were detected in a small number of oils (Supplemen-
tary Data Fig. S5). Moreover, quantitative analysis showed that 
the thiaadamantanes concentration in oils ranged from 0.09 to 
177.02 lg/g, with an average value of 13.98 lg/g (Supplementary 
Data Table S4). 

5. Discussion 

5.1. Magmatic activity and age of Permian TLIP 

In the past 30 years, numerous geochronology studies have 
used various analytical methods to investigate different igneous 
types in the TLIP (Li et al., 2007; Dong et al., 2013; Liu et al., 
2019, 2023). A summary of 83 sets of reliable dating data reveals 
that the formation time of the TLIP ranges from 300.8 Ma to 
263.1 Ma (Supplementary Data Fig. S6 and Table S2). The total 
duration of the TLIP exceeds 37 Ma, which differs significantly from 
that of the ELIP ( 260 Ma) and the ST ( 252 Ma) (Supplementary 
Data Fig. S6, Prasanth et al., 2022). The TLIP can be further divided 
into five main magmatic episodes based on lithofacies, dating data,
rams of polycyclic aromatic hydrocarbons (m/z 202, m/z 228, m/z 252, m/z 276, m/z 
X and SHB804X) in the Cambrian-Ordovician from the Shunbei and Tabei oilfields. 
bitumen reflectance, Rb), Rcrock = 0.346+ 0.688Rb (Rb<2.0%, Jacob, 1989); MDI: 
coil: Rcoil = 0.4389+0.0243MDI (Chen et al., 1996); EDI: Exist diabase intrusion; NDI: 
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and the upper limit of single magmatic duration (<5 Ma) (Bryan 
and Ernst, 2008). 

The magmatic activity in the TLIP began 300 Ma (Supplemen-
tary Data Fig. S6). The initial lithology is kimberlite, which is con-
fined to the Wajilitag area (Fig. 1a; Lu et al., 2023). From 294 Ma 
to 268 Ma, there were three episodes of flood basalt eruptions. 
The effusive rocks are mainly basalt and rhyolite, with peak ages 
at 290 Ma, 280 Ma, and 272 Ma (Supplementary Data 
Fig. S6a). During these three main magmatic eruption episodes, 
the peak ages of effusive and intrusive rocks show some differ-
ences (Supplementary Data Fig. S6b). However, the difference 
between the peak ages of effusive and intrusive rocks within each 
episode is < 5 Ma (Supplementary Data Fig. S6b). The alternating 
occurrence of igneous and clastic rocks in the Permian strata sup-
ports the conclusion of multiple episodes of eruptions (Supple-
mentary Data Fig. S6a; Lu et al., 2023). After 266 Ma, 
magmatic activity in the TLIP entered its late stage. At this time, 
local diabase intrusions predominated (Supplementary Data 
Fig. S6a). Notably, the starting and ending igneous types in the TLIP 
are intrusive rocks (Supplementary Data Fig. S6b). This observation 
is also consistent with magma dynamics (Cashman et al., 2017). 
Furthermore, long-term, multiple episodes of magmatic activity 
and limited magma volume result in a low eruption rate in the TLIP 
(Liu et al., 2019). 

5.2. TLIP as a trigger mechanism for hydrothermal activity 

The relationship between igneous eruptions in LIPs and 
hydrothermal circulation in deep reservoirs has garnered signifi-
cant interest (Dong et al., 2013; Su et al., 2024). Primarily, two 
phases of calcite cement are developed in the Ordovician reservoirs 
of the Shunbei oilfield (Fig. 4). The formation of C2 calcite cement 
occurred between 295.9 ± 5.2 Ma and 273 ± 7.5 Ma, which is in the 
interval of the Permian TLIP (Fig. 4 and Supplementary Data 
Table S2). Moreover, a temporal comparison of C2 calcite cement 
formation and diabase intrusion in the Tarim Basin shows signifi-
cant overlap (Fig. 4). This indicates a potential internal relationship 
between diabase intrusion and C2 calcite cement formation in the 
Shunbei oilfield. 

Previous studies indicate that a negative d18 O excursion and the 
rare earth element distribution in C2 calcite cement exhibit a clear 
positive Eu anomaly (Li et al., 2023). This suggests that the forma-
tion of C2 calcite cement is primarily influenced by deep 
hydrothermal fluids. The regional thermal anomaly induced by 
the Permian TLIP provided advantageous conditions for sustained 
hydrothermal activity (Li et al., 2022). A distinct yellow siliceous 
infilling was observed in the cores, indicating that the sandstone 
strata of the Sinian Sugaitbulak Formation (Z1s) served as feeder 
aquifers for long-distance hydrothermal fluid migration (Supple-
mentary Data Fig. S3 a and b; Dong et al., 2017). Permian fault reac-
tivation provided a channel for magma and hydrothermal 
upwelling (Davies et al., 2006; He et al., 2019). Furthermore, the 87-
Sr/86 Sr values in C2 calcite cement range from 0.709634 to 
0.711004 (Li et al., 2023). These values are significantly higher than 
those of surrounding rock and normal seawater from the Middle to 
Late Cambrian and closely match the global average derived from 
crustal sources (Palmer and Elderfield, 1985; Cai et al., 2008). This 
indicates that the hydrothermal fluid was not only sourced from 
the deep sandstone feeder aquifer but was also contributed by 
crustal material. 

5.3. Cycloaddition reactions of PACs indicate magma intrusion 

The distribution of PACs is influenced by the source of organic 
matter, diagenesis, and metamorphism, as well as by thermal 
anomaly events (e.g., wildfires, magmatic activity, and 
6

hydrothermal activity) throughout geological history (Yunker 
et al., 2002; Hudspith et al., 2012; Xu et al., 2021). The high-
molecular-weight (HMW) PACs ( 5-ring PACs) are typically 
formed under high-temperature conditions (Xu et al., 2021; Qiao 
et al., 2024a). Early studies suggest that the first oil charging 
occurred in the late Caledonian period in the Shunbei oilfields 
(Qiao et al., 2024a). And the Re-Os isotopic data of bitumen from 
the Ordovician Yijianfang Formation in well SHB1-3H indicates 
an isochron age of 399 ± 12 Ma (Wu et al., 2021). Based on the time 
sequence, the Permian TLIP may have influenced the Ordovician 
reservoir oils (Fig. 4). The EDI samples contain a higher abundance 
of HMW PACs, particularly coronene (Fig. 3). This suggests an 
intrinsic genetic relationship between the distribution of PACs 
and diabase intrusions. Furthermore, the relative distribution of 
combustion-derived PACs is often used to identify their source 
(petrogenic or pyrogenic) (Simoneit and Fetzer, 1996). Previous 
studies have demonstrated that thermal anomaly events often 
increase the combustion-derived PAC ratios in sediments and oils, 
including fluoranthene (Fla)/(Fla + pyrene (Pyr)), indeno[1,2,3-cd] 
pyrene (INP)/(INP + benzo[ghi]perylene (BghiP)), and benzo[a]an-
thracene (BaA)/(BaA + chrysene (Chy)) (Yunker et al., 2002). 
Cross-plots of combustion-derived PAC ratios indicate significant 
differences between EDI and NDI samples (Fig. 5). NDI samples 
are located in zones associated with petrogenic origins, while EDI 
samples are primarily found in mixed zones associated with com-
bustion (Fig. 5). This suggests that the increased combustion-
derived PAC ratios result from diabase intrusion in the Permian 
TLIP. Additionally, when magma flows through petroleum systems, 
the combustion of oil is unlikely due to the lack of oxygen. Instead, 
the magma causes thermal alteration through baking rather than 
combustion. Therefore, although the combustion-derived PAC 
ratios in the study area have increased significantly, most are 
located in the mixed zones rather than in the petroleum combus-
tion zones. 

Early studies have shown that combustion-derived PACs with 
3- and 4-rings are typically produced by moderate- to low-
temperature combustion (ranging from 300 ℃ to 600 ℃) (Karp 
et al., 2020). As charring temperature increases, the abundance of 
HMW PACs rises gradually (Wiedemeier et al., 2015). Therefore, 
this study investigated the impact of diabase intrusion by analyz-
ing the relative abundance of 6- and 7-ring PACs in the samples. 
Ternary analysis of BghiP, INP, and Cor shows an increase in the 
relative abundance of INP and Cor from NDI to EDI samples 
(Fig. 6). Combined with the distribution range analysis of diabase 
intrusion, it is found that the content of INP and Cor in the EDI 
samples accounts for more than 25% of the ternary (BghiP, INP, 
and Cor) total content (Supplementary Data Fig. S7 and Table S5). 
This indicates that the thermal anomalies from diabase intrusion 
caused an increase in the relative abundance of INP and Cor in 
samples (Simoneit and Fetzer, 1996; Qiao et al., 2024a). Previous 
studies indicate that the influence range of intrusive is typically 
1–2 times its thickness (Othman et al., 2001). For the Tarim Basin, 
in addition to the distribution of intrusions, the thermal influence 
of magma upwelling along strike-slip faults on reservoirs should 
also be considered. However, limitations in exploration and the 
unknown resource quantity in the basin pose significant challenges 
to the detailed evaluation of the environmental impact of PACs 
formed in the Permian TLIP. 

5.4. Heteroatom incorporation of PACs indicates hydrothermal activity 

During hydrothermal activity, the addition of hydrogenium, sul-
fur, and metal ions typically promotes the conversion of organic 
compounds (Simoneit and Fetzer, 1996; McCollom et al., 2001; 
Xu et al., 2022; Qiao et al., 2024b). The concentration of dibenzoth-
iophene series (DBTs) in the oil of the Shunbei oilfield ranges from
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Fig. 4. Diabase intrusion zircon and in situ calcite U-Pb dating ages from the Ordovician in the Tarim Basin (Fig. 4b is from Dong et al., 2013). a Cheng et al., 2022; b Wu et al., 
2020; c Dong et al., 2013; d Zhang et al., 2009; e Li et al., 2007; f Li et al., 2017; g Zhang et al., 2010b; h Li et al., 2023. 
2.44 to 1711.51 lg/g, which shows significant variation (Supple-
mentary Data Table S4). Previous studies indicate that in addition 
to sulfur incorporation during deposition and diagenetic sulfuriza-
tion at low temperatures, DBTs can also form through secondary 
processes like hydrothermal alteration and TSR (Cai et al., 2009a; 
Xu et al., 2022; Wang et al., 2023). 

Sulfur isotope analysis indicates that Cambrian source rocks 
primarily contribute to the Ordovician reservoirs in the Tarim 
Basin (Cai et al., 2009b, 2015). Furthermore, extensive drilling, out-
crop, and sedimentary facies studies have confirmed that black 
mudstone of the Lower Cambrian Yueertusi Formation is the main 
source rock of the Ordovician petroleum system (Zhu et al., 2020; 
Qiao et al., 2024a). This suggests that lithology and sedimentary 
environment are not the primary factors affecting DBT series con-
centration differences in the study area. Thiaadamantane content 
indicates that only five wells in the southern part of F5 and F4 
faults were affected by TSR (TAs > 20 lg/g) (Supplementary Data 
Fig. S8 and Table S4). Early studies suggested that TSR would lead 
to an increase in DBT series concentrations in oil (Orr, 1974; Cai 
et al., 2016, 2022). The correlation coefficient between DBT series 
and TAs concentrations in oil from the Shunbei oilfield is only 
0.1606, which indicates that TSR may not significantly affect DBT 
series concentration (Supplementary Data Fig. S9). Previous studies 
have shown that the d34 S values of DBT series in the SHB42X oil 
(TAs > 20 lg) range from 19.0‰ to 23.4‰ (Wang et al., 2024). 
These d34 S values are similar to those of kerogen from Cambrian 
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source rocks (14.0‰–21.6‰) (Cai et al., 2015), but they differ sig-
nificantly from Cambrian anhydrite (26.8‰–34.1‰) and Ordovi-
cian anhydrite (26.0‰) (Cai et al., 2001; Cai et al., 2016). This 
comprehensive analysis suggests that TSR in the Ordovician reser-
voir is localized and limited and is not the primary factor behind 
the DBT series concentration differences observed in the Shunbei 
oilfield (Qiao et al., 2024b). Therefore, the impact of hydrothermal 
activities on DBT series concentrations in Ordovician oil of the 
study area needs re-evaluation. 

Comparing the relative abundance of Phe, Bp, and DBT series 
compounds in oils reveals significant differences across different 
fault zones (Fig. 7a). Previous studies have shown low levels of Bp 
series compounds in oils unaffected by hydrothermal activity (Xu 
et al., 2022). Under hydrothermal influence, Phe series compounds 
can transform into Bp through ring-opening oxidation (Fig. 7a; 
Püttmann et al., 1989). When the Cambrian gypsum-salt layer 
exceeds 200 m, corresponding Ordovician oils exhibit higher DBTs 
concentrations (Fig. 7 and Supplementary Data Table S4). This is 
likely because hydrothermal fluid carries more sulfur as it flows 
through the gypsum-salt layer during upwelling. The addition of 
sulfur promotes the conversion of thermally unstable Bp series 
compounds to DBT series compounds (Fig. 7a; Xu et al., 2022). 
Similar patterns were observed in the ternary plots of ’Phe – Bp – 
DBT’, ’3-+1-methylphenanthrenes (MPhe) – 3-methylbiphenyl 
(MBp) – 4-methyldibenzothiophene (DBT)’, and ’2-MPhe – 4-MBp 
– DBT’ (Fig. 7b, c, and d).
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Fig. 5. Cross-plots indicating the origin of PACs. (a) Fla/(Fla+Pyr) vs. BaA/(BaA+Chr) (refer to Yunker et al., 2002); (b) Fla/(Fla+Pyr) vs. INP/(INP+BghiP) (refer to Yunker et al., 
2002). Fla: Fluoranthene; Pyr: Pyrene; BaA: Benz[a]anthracene; Chr: Chrysene; INP: Indeno[1,2,3-cd]pyrene; BghiP: Benzo[g,h,i]perylene. 

Fig. 6. Ternary diagrams showing the relative abundance of Benzo[g,h,i]perylene (BghiP), Indeno[1,2,3-cd]pyrene (INP), and Coronene (Cor) (refer to Qiao et al., 2024a). 
The relative abundance of Phe, Bp, and DBT series compounds in 
oils indicates significant hydrothermal alteration in the Shunbei 
oilfield. The thickness of the Cambrian gypsum-salt layer influ-
ences the amount of sulfur carried by hydrothermal fluids, leading 
to differences in sulfur-containing PACs concentration in the oils. 
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5.5. PACs conversion and implications in the Permian TLIP 

The Permian TLIP consists of multiple episodes of magmatic 
activity spanning > 37 Ma. At 300 Ma, the metamorphic material 
at the base of the lithosphere partially melted due to mantle plume
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Fig. 7. Ternary diagrams showing the relative abundance of (a) phenanthrene (Phe) series, biphenyl (Bp) series, and dibenzothiophene (DBT) series, (b) Phe, Bp, and DBT, (c) 
3- +1-methylphenanthrene (3-+1-MPhe), 3-methylbiphenyl (3-MBp), and 4-methyldibenzothiophene (4-MDBT), and (d) 2-methylphenanthrene (2-MPhe), 4-methylbiphenyl 
(4-MBp), and 3-+2-methyldibenzothiophene (3-+2-MDBT). 
heating, initiating kimberlite intrusion in the Bachu area (Fig. 8a). 
This event marks the beginning of the Permian TLIP, though the 
initial intrusion was limited in scale and scope (Zhang et al., 2013). 

Subsequently, around 294 Ma, continuous mantle plume heat-
ing initiated a large-scale flood basalt eruption episode in the TLIP. 
Between 294 Ma and 268 Ma, controlled by eruptive decompres-
sion and intermittent magmatic replenishment, this period can 
be divided into three episodes of flood basalt eruptions (Fig. 8b; 
Cashman et al., 2017). Following each large flood basalt eruption, 
the mantle plume upwelled along the magma channel, forming 
basic-ultrabasic intrusions. Following each large flood basalt erup-
tion, the mantle plume upwelled along the magma channel, form-
ing basic-ultrabasic intrusions. The oil is baked as the intrusion 
upwells through the petroleum system. Magmatic intrusion 
affected the cycloaddition reactions of PACs in oil (Fig. 8b1). This 
process directly leads to the detection of high concentrations of 
HMW PACs in light oils and condensates (Fig. 3). Simultaneously, 
continuous interaction between the mantle plume and lithosphere 
caused gradual lithospheric thinning. The remaining basalt in the 
lithospheric magma chamber underwent crystal differentiation to 
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form rhyolite, which subsequently erupted to the surface 
(Fig. 8b; Wei et al., 2019). Additionally, prolonged mantle plume 
heating induced hydrothermal activity in the Tarim Basin. Under 
hydrothermal influence, calcite veins of hydrothermal origin 
formed in the Ordovician, along with widely distributed barite, flu-
orite, and chert (He et al., 2019). Furthermore, hydrothermal fluids 
facilitated extensive organic–inorganic interactions in the basin’s 
deep organic fluids, leading to the conversion of Phe, Bp, and DBT 
series compounds (Fig. 8b2). 

After 268 Ma, following a large-scale flood basalt eruption, 
the Permian TLIP entered its late evolutionary stage (Fig. 8c). Dur-
ing this period, crustal melting and the formation of low-
temperature rhyolite became increasingly difficult. However, local-
ized dissolution occurred near the mantle plume head, forming a 
basic-ultrabasic intrusive with a depleted mantle (Fig. 8c; Zhang 
et al., 2010). 

Considerable research strongly suggests that greenhouse gas 
and toxic gas emissions from the pyrolysis of paleo-oil reservoirs 
in the Permian LIPs may have been an important mechanism in 
the late Permian biocrisis (Knoll and Grotzinger, 1996; Chen
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Fig. 8. Formation model of the Permian TLIP and conversion pathway of organic compounds. (a) At 300 Ma, under the influence of mantle plumes, kimberlite begins to 
intrusion; (b) at 294–268 Ma, under the continuous heating of the mantle plume, the magmatic activity becomes stronger, and the effusive and intrusive rocks begin to 
erupt and invade on a large scale; (b1) the transformation pathway of the ring addition of PACs under the influence of igneous intrusions (refer to Simoneit et al., 1981); (b2) 
conceptional multiple reaction pathways of PACs under the influence of the hydrothermal activity (refer to Simoneit and Fetzer, 1996); (c) After 268 Ma, the magmatic 
activity is gradually weakening, and a small amount of diabase intrusion is found in the central area of magmatic activity. STGL: Sub-continental lithospheric mantle. 
et al., 2022; Yang et al., 2022). Significant amounts of liquid hydro-
carbons are present in Paleozoic reservoirs in the Tarim Basin. Dur-
ing the formation of the Permian TLIP, extensive magmatic 
intrusions and hydrothermal activities promoted cycloaddition 
reactions and heteroatom incorporation of PACs. The increased 
concentration of HMW PACs and S-containing PACs may have con-
tributed to late Permian biocrisis. Magma may have transported 
PACs to the surface during eruptions, which is lethal to most fauna 
on Earth (Lovelock et al., 1962; Peterson, 2003). Furthermore, tec-
tonic uplifts during the Late Permian-Early Triassic and Paleogene 
exposed some paleo-oil reservoirs rich in HMW PACs and sulfur-
containing PACs, which likely affected the environment (Dong 
et al., 2013). 

6. Conclusions 

The Permian TLIP ( 300–262 Ma) consists of multiple episodes 
of magmatic activity spanning > 37 Ma. Based on igneous lithology 
and the upper limit of single magmatic activity (<5 Ma), the TLIP 
can be divided into five main magmatic episodes: 300 Ma, 
290 Ma, 280 Ma, 272 Ma, and 263 Ma. 
Core logging and seismic sections show that a set of diabase 

intrusions was formed in the upper Ordovician sedimentary strata 
of the Shunbei oilfield during the Permian TLIP. Lithofacies obser-
vations and in-situ calcite U-Pb dating indicate that a period of 
hydrothermal upwelling events ( 295.9–273 Ma) was formed 
due to the influence of magmatic activity in the Permian TLIP. 

The mass chromatograms of PACs show that the EDI oils have a 
higher abundance of HMW PACs ( 5-ring PACs), especially 
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coronene. The combustion-derived PAC ratios indicate that the 
EDI oil and the NDI oil have a clear distinction. This indicates that 
the HMW PACs in oil are mainly derived from the cycloaddition 
reactions caused by the diabase intrusion. 

The conversion of Phe, Bp, and DBT series compounds indicates 
that the oil is altered by hydrothermal activity. The hydrogenium 
and sulfur carried by the hydrothermal upwelling process promote 
the heteroatom incorporation of PACs. 

These results indicate that PACs can effectively record mag-
matic and hydrothermal activities within LIPs. The conversion of 
PACs leads to an increase in HMW and sulfur-containing PACs, 
which may be a crucial mechanism affecting biodiversity in the 
LIPs. This PAC conversion offers a novel perspective for further 
exploring the impact of LIPs. 
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