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A B S T R A C T

This study analyzes the δ13C values of various polycyclic aromatic compounds (PACs), including dibenzofuran, 
and methyldibenzofurans in two sets of coals from the Junggar and Ordos basins in NW China. The results reveal 
that the δ13C values of individual PACs are primarily influenced by the source of degraded organic matter rather 
than thermal maturity. The significant differences in δ13C values (− 11.7 ‰) between dibenzofuran (DBF) and its 
methylated homologues (MDBFs) imply different sources. DBF is primarily derived from higher plants, while 
MDBFs have multiple sources from both lichens and higher plants. However, the δ13C values of DBF and MDBF in 
predominantly pyrogenic samples are relatively similar. This is due to two factors: (1) The kinetic isotope effect 
leads to preferential demethylation of 12C-enriched MDBF isomers, and the residual MDBFs are consequently 
enriched in 13C isotopes. The DBF produced by this process is enriched in 12C isotope, leading to depletion of δ13C 
for DBF in the combustion products. (2) Greater higher plant than lichen inputs result in higher δ13C values of 
MDBFs also potentially causes lower δ13C values in DBF. These two factors combine to produce similar δ13C 
values for DBF and MDBFs in samples heavily affected by wildfires.

1. Introduction

Aromatic compounds—including fluorene (Flu), dibenzofuran 
(DBF), dibenzothiophene (DBT), naphthalene (N), phenanthrene 
(Phen), and their alkyl isomers—are commonly found in sedimentary 
and petroleum organic matter (OM). Variations in the molecular dis
tributions of these compounds have been given considerable attention in 
the field of organic geochemistry as they can serve as indicators of the 
thermal histories, sources, and environmental conditions of sediments 
(Radke et al., 1982, 2000; Hughes et al., 1995; Santamaria-Orozco et al., 
1998; Widodo et al., 2009; Li et al., 2013a). The distributions of aro
matic compounds vary considerably among sediments and oil samples 
since they are influenced by thermal maturity, source, biodegradation 
and weathering (Budzinski et al., 1995; van Aarssen et al., 1999; Asif 

et al., 2009; Marynowski et al., 2011).
Aromatic compounds are primarily formed by geosynthetic pro

cesses, which produce a range of isomerized, alkylated, and dealkylated 
components. Previous research has focused on the molecular distribu
tions of aromatic compounds and their significance for understanding 
thermal evolution and diagenesis of natural precursors (Radke et al., 
1986; Alexander et al., 1995; Asif et al., 2009, 2010; Li et al., 2013b; Zhu 
et al., 2019, 2022) and for tracing oil filling pathways (Wang et al., 
2020). However, some studies have suggested that a proportion of the 
aromatic compounds originates from combustion, and these have been 
increasingly used as indicators of burning vegetation in sedimentary 
records (van Aarssen et al., 1999; Watson et al., 2005; Jiang and George, 
2019, 2020; Karp et al., 2020; Zakrzewski and Kosakowski, 2021; Li 
et al., 2022). Compounds such as cadalene (Cad), retene (Ret), 
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simonellite (Sim), and 6-isopropyl-1-isohexyl-2-methylnaphthalene (ip- 
iHMN) were identified as indicators of terrestrial plants (Ellis et al., 
1996; Lei et al., 2022; Martins et al., 2020; van Aarssen et al., 1992, 
2000), and the higher plants index (HPI) has also been proposed as a 
means of determining the relative input from vascular plants (van 
Aarssen et al., 2000), provide useful information for understanding 
source inputs.

The primary carbon isotope composition (δ13C) of sedimentary 
organic matter is influenced by water column carbon cycling, 

environmental conditions during formation, fractionation during 
photosynthesis, and efficiency of dissolved inorganic carbon uptake 
(Galimov, 2006). This information provides valuable insights into the 
source and biosynthesis of sedimentary organic matter (Boreham et al., 
1994; Radke et al., 1998; Sephton et al., 2000). In recent years, analysis 
of the δ13C of individual compounds using compound-specific isotope 
analysis (CSIA) has emerged as an effective tool for assessing the 
molecular-level sources and diagenetic pathways of compounds and has 
been successfully applied to identify the origins of saturated compounds 
such as n-alkanes and cadinanes (Boreham et al., 1994; Murray et al., 
1998). However, due to interference between compounds in a complex 
mixture, it is difficult to precisely determine the carbon isotopic 
composition of individual PACs. Some recent research has established 
the process for the separation of PACs (Konan et al., 2022). In such cases, 
the δ13C values of individual aromatic compounds are crucial for 
determining the origins of organic matter (Maslen et al., 2011; Cesar and 
Grice, 2017; Karp et al., 2020; Niu et al., 2023). Although some studies 
have indicated that the isotopic compositions of individual aromatic 
compounds are affected by the thermal maturity of their organic ma
terials (Le Métayer et al., 2014; Chen et al., 2016), more recent research 
has demonstrated that the isotopic compositions of individual com
pounds are primarily dictated by the source of the parent material, with 
less impact from secondary processes such as thermal maturity and 
biodegradation (Boreham et al., 1994; Radke et al., 1998; Mazeas et al., 
2002).

Wildfires have a significant impact on terrestrial ecosystems, it may 
threaten the stability of forests and leading to a sharp decline in biodi
versity (Hua et al., 2024) and are also suggested as ecological and 
evolutionary force in shaping structure and function of forest ecosystem 
(He and Lamont, 2018). The PACs that derive from combustion can 
provide additional insights into the type of plant communities that were 
destroyed by fire. Previous research has indicated that certain alkylated 
PAH structures and the δ13C of individual aromatics can be used to 
differentiate between plant types (Widodo et al., 2009; Cesar and Grice, 
2017; Karp et al., 2020). Parameters such as dimethylphenanthrene 
(DMP) ratios have been used as indicators for changes in burned plant 
communities (Karp et al., 2020; Zakrzewski and Kosakowski, 2021). The 
sources of PAHs can be determined by interpretation of the relative 
abundance of alkyl PAHs, where the predominance of C1 (alkylated 
PAHs) indicates the petrogenic origin PAHs. The predominance of C0 
(non-alkylated) PAHs are usually associated with the pyrolytic source 
PAHs (Yunker et al., 2002; Kappenberg et al., 2019; Zakrzewski and 
Kosakowski, 2021). However, the δ13C systematics of individual aro
matic compounds derived from plants and wildfires are largely un
known, including their preservation in geological records.

The aim of this paper is to examine the factors impacting the δ13C 
values of the individual PACs including DBF, and MDBFs, and provide 

Table 1 
Geochemical characteristics of the coals from outcrops in the Ordos basin and 
Junggar basin.

Basin Sampling site Sample 
name

Formation %Ro Tmax TOC 
(%)

Ordos 
basin

Puxian PX-S22 C-P 0.62 435 83.1

​ ​ PX-S6 C-P 0.63 444 84.3
​ Baode BD-S24 C-P 0.62 444 68.6
​ ​ BD-S21 C-P 0.63 ​ ​
​ Xingxian XX-S10 C-P 0.73 440 74.3
​ Linxian LX-S8 C-P 1.03 455 71.2
​ ​ LX-S11 C-P 0.77 444 77.9
​ ​ LX-S20 C-P 1.08 462 79.2
​ Liulin LL-S5 C-P 1.27 489 75.1
​ ​ LL-S25 C-P 1.40 493 84.3
​ Yaping YP-S9 C-P 1.36 484 82.4
​ Hancheng HC-S4 C-P 1.88 501 83.8

Junggar 
basin

Liuhuanggou LHG-A6 J2x 0.47 427 70.2

​ ​ LHG-E3 J2x 0.52 431 71.4
​ ​ LHG-A10 J2x 0.46 434 63.4
​ ​ LHG-E5 J2x 0.46 426 71.5
​ Tiechanggou TCG-A9 J2x 0.49 441 67.0
​ ​ TCG-F7 J2x 0.76 449 84.4
​ ​ TCG-F9 J2x 0.46 444 81.7
​ Jimusaer JMSR-A3 J2x 0.46 428 79.6
​ ​ JMSR- 

B11
J2x 0.52 429 80.5

​ ​ JMSR-S17 J2x 0.53 432 46.0
​ Changji CJ-F5 J1b 0.60 430 73.7
​ Dahuangshan DHS-F10 J1b 0.53 431 77.6
​ ​ DHS-B7 J1b 0.82 426 77.8
​ Hutubi HTB-A4 J1b 0.75 447 84.3
​ ​ HTB-A8 J1b 0.68 444 82.0
​ ​ HTB-A7 J1b 1.08 454 86.3
​ Houxia HX-D1 J1b 0.60 436 81.3

%Ro: vitrinite reflectance; Tmax: temperature at maximum generation; TOC =
total organic carbon; C-P = Carboniferous-Permian; J1b = Lower Jurassic 
Badaowan Formation; J2x = Middle Jurassic Xishanyao Formation.

Fig. 1. Sketch maps showing the location of coals in the Ordos and Junggar Basins, Western China (modified after Zhu et al., 2019).
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insights to their general use. Considering the previous research on 
wildfires of the Junggar and Ordos basins during the Jurassic and C-P, 
the coals from these two basins are useful as cases for the discussion of 
the impact of wildfires on δ13C of individual PACs.

2. Samples and geological setting

A total of 29 coal samples were collected from the Ordos and Junggar 
basins in China (Table 1). The Ordos Basin is an intracratonic depression 
basin located in north-western China (Fig. 1a), which is characterized by 
250 × 103 km2 of the Paleozoic strata (Zhu et al., 2019, 2022). The 
widely distributed Carboniferous-Permian coals and coal-measure 
mudstones deposited in a marine-terrestrial transitional sedimentary 
environment and covering an area of 180 × 103 km2, which are the 
primary source rocks for the Upper Paleozoic gas fields in this basin (Dai 
et al., 2005; Qi et al., 2020; Niu et al., 2024; Han et al., 2024). During the 
Early Cretaceous, incursion of hydrothermal fluids in the southeastern 
part of the Ordos basin caused alteration of the Upper Paleozoic strata 
(Yang et al., 2005; Qin et al., 2017). In the Ordos basin, 12 coal samples 
were collected from Carboniferous-Permian coal seams. These coals 
have total organic carbon (TOC) values ranging from 68.6 % to 84.3 %. 
Coals from the Ordos basin have relatively high thermal maturity, with 
vitrinite reflectance (Ro) values ranging from 0.62 % to 1.88 % (average 
1.0 %), and Tmax values ranging from 435 to 501 ◦C (average 463 ◦C) (% 
Ro ≥ 0.5, Tmax >435 ◦C indicate mature).

The Junggar Basin is a significant coal-bearing continental super
imposed basin which located in the northern part of the Xinjiang Uygur 
Autonomous Region of China (Fig. 1b) and covers an area of 1.3 × 105 

km2 (Zhu et al., 2019; Wu et al., 2020). The basin is characterized by the 

3000 m-thick strata of coal accumulation, which including the Lower 
Jurassic Badaowan Formation (J1b), the Sangonghe Formation (J1s), and 
the Middle Jurassic Xishanyao Formation (J2x) (Li et al., 2012; Qian 
et al., 2018; Ge et al., 2024). The J1b consists of fluvial and paludal 
sediments. A transgressive event occurred during the J2x period leading 
to the development of alternating lacustrine shore, fluvial, and deltaic 
facies (Li et al., 2018; Tang et al., 2021). Research on the origins of 
organic parent material and sedimentary environments suggests that 
during the deposition period of J1b, land plants were not abundant in the 
Junggar area, while higher plants thrived during the J2x deposition 
period, which coincided with a warm global palaeoclimate with high 
concentrations of atmospheric oxygen (Li et al., 2018; Xie et al., 2022), 
which created favorable conditions for wildfire events. A suite of 17 coal 
samples were collected from the Badaowan (J1b) and Xishanyao (J2x) 
formations in the Junggar Basin. The J1b samples were further divided 
into J1b I and J1b II based on differences in geochemical characteristics 
(Pr/Ph, Pr/nC17 versus Ph/nC18, C27/C29, and C27, C28, and C29-ster
anes), which will be discussed in detail later. These coals have TOC 
contents ranging from 46.0 % to 86.3 % (Table 1). Unlike the coals from 
the Ordos Basin, most of the coals from the Junggar Basin are immature- 
to-mature, with vitrinite reflectance (Ro) values ranging from 0.46 % to 
1.08 % (average 0.60 %) and Tmax values ranging from 426 to 454 ◦C 
(average 436 ◦C). The wide ranges of thermal maturity and OM sources 
covered by the samples from these two basins can provide a broad 
comparison for δ13C systematic study.

Fig. 2. Total ion chromatograms of the 2 rings and 3 rings fractions separated from the LHG-E3 sample, showing the distribution of 2-ring and 3-ring aromatic 
hydrocarbons.
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3. Materials and methods

3.1. TOC, Rock-Eval, and vitrinite reflectance measurements

The coal samples were analysed using the method described in Zhu 
et al., 2019. Prior to TOC analysis, all coals were treated with HCl and 
deionized water to remove carbonates and contaminants. After pre
treatment with HCl and deionized water, TOC was analyzed using a 
LECO CS-230 carbon/sulfur apparatus. Rock-Eval pyrolysis was per
formed on powdered coal samples (15 mg) using an OGE-VI Rock Py
rolysis analyzer. The vitrinite reflectances (%Ro) of polished coal blocks 
were determined using a Leica Model MPV-SP microscopic photometer 
according to the method described in Kilby (1988).

3.2. Coal extraction and GC–MS analysis

The analytical procedures used are described in Zhu et al., 2022. The 
coal samples were crushed, ground to <80 mesh (0.2 mm), and pro
cessed for 48 h using a Soxhlet apparatus with 400 mL of dichloro
methane to extract soluble organic matter. The coal extracts were 
treated using petroleum ether to remove asphaltenes. The solutions were 
then separated into saturated, aromatic, and resin fractions using a silica 
gel/alumina chromatography column with petroleum ether, dichloro
methane/petroleum ether (2:1, v/v), and dichloromethane/methanol 
(93:7, v/v), respectively, as the elution solvents.

GC–MS analyses of the saturated and aromatic fractions and com
parisons with authentic standards were conducted using an Agilent 6890 
gas chromatograph coupled to an Agilent 5975i mass spectrometer 
equipped with an HP-5MS fused silica capillary column (60 m × 0.25 
mm i.d., 0.25 μm film thickness). The GC–MS analyses of the saturated 
fractions were conducted under the following conditions: the initial GC 
oven temperature was maintained at 50 ◦C for 1 min, then ramped to 
120 ◦C at a rate of 20 ◦C/min, then increased from 120 ◦C to 310 ◦C at 3 
◦C/min, and finally held constant for 25 min. For the aromatic fractions 
and the authentic standards, the initial temperature of the GC oven was 

set at 80 ◦C, maintained for 1 min, then gradually increased to 310 ◦C at 
3 ◦C/min, and finally held constant for 16 min. Helium was used as the 
carrier gas and the temperature of the split/splitless injector was set at 
300 ◦C. The MS was operated with the electron ionization (EI) source set 
at 70 eV and a scan range of m/z 50–600. Peak areas of each compound 
were integrated using the Agilent ChemStation Data Analysis software, 
the relative concentration, indices and molecular ratios in this study are 
based on the data from this result.

3.3. Sub-separation of aromatic compounds

Ten samples of different thermal maturity and depositional envi
ronment from two basins were selected for sub-separation and isotopic 
analysis. The aromatic compounds obtained from the previous separa
tion were separated into mono-, di-, tri- and larger (tetracyclic and 
higher) aromatic compounds. The silica gel and cotton wool were 
Soxhlet extracted by dichloromethane for 72 h. A small amount of pre- 
extracted cotton wool was placed at the bottom of a glass column (20 cm 
in length and 10 mm inner diameter), preventing leakage of the sta
tionary phase. Alumina (obtained from the Sigma company) was acti
vated at 110 ◦C for 4 h, and the pre-extracted silica was also activated at 
110 ◦C for 4 h. Then, 2–3 g of the activated alumina and an equal volume 
of silica (silica on the bottom, alumina on the top) were inserted into the 
glass column, and the column was knocked to ensure even distribution 
of the alumina. Next, the aromatic compounds were transferred into the 
column. The column was eluted using petroleum ether:dichloromethane 
(93:7 v:v, 6 mL), petroleum ether:dichloromethane (9:1 v:v, 8 mL), 
petroleum ether:dichloromethane (3:1 v:v, 8 mL) and dichloromethane 
(8 mL), respectively, for the mono-, di- (2 rings), tri- (3 rings), and larger 
aromatic fractions. The 2 rings to 3 rings fractions of the representative 
sample are shown in Fig. 2. The selected PAHs (DBF and MDBFs) show 
sufficient baseline resolution and minimal co-elution such that we can 
measure their individual stable carbon isotopic values.

Fig. 3. n-Alkane distributions (m/z 85 partial mass chromatograms) of saturated hydrocarbon fractions in six representative samples.
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3.4. Gas chromatography-isotope ratio mass spectrometry (GC-IRMS)

0.5 μL of the concentrated aromatic sub-fraction was injected into 
the inlet of an Agilent 7890 GC-GC5 interface Precision IRMS (Ele
mentar Analyzer System) operating in split mode. Separation was on an 
AB-PONA column (50 m × 0.20 mm i.d., 0.50 μm thick, Agilent). The 
temperature program for detection of 2 rings fractions is 100 ◦C for 1 
min and then increased at 15 ◦C/min to180 ◦C, increasing to 270 ◦C at 
1.5 ◦C/min, ramping to 310 ◦C at 15 ◦C/min, holding at 310 ◦C for 15 
mins. The procedure for detecting 3 rings fractions is held at 100 ◦C for 1 
min and increasing to 200 ◦C at 15 ◦C/min and then increased at 2 ◦C/ 
min to 290 ◦C, ramping to 310 ◦C at 10 ◦C/min, holding at 310 ◦C for 20 
mins. The temperature of the oxidation oven is 850 ◦C, using helium as 
the carrier gas.

The accuracy of the data was routinely monitored with a set of 
standards of known isotopic composition before and after each sample 
analysis. Briefly, the stable carbon isotope data were evaluated by 
analysing n-alkanes with known δ13C values from the Biogeochemical 
Laboratories, Indiana University. Normally, one injection of standards 
was performed for every five sample injections. A CO2 reference gas 
standard is calibrated to the n-alkane mixture standard (calibrated to 
Vienna Peedee Belemnite, VPDB). The resulting data are presented in 
delta-notation relative to the international standard (VPDB). Every 
sample is injected at least two times, carbon isotope data of the selected 
polycyclic aromatic components were analyzed at an average standard 
deviation of 0.5 ‰. Peaks co-eluting as well as those at very low con
centrations were not considered for our interpretations.

4. Results

4.1. n-Alkanes and pristane/phytane

The distribution of n-alkanes in the m/z 85 partial mass chromato
grams ranges between nC12 and nC36 (Fig. 3). There are differences in 
the n-alkane distribution patterns between the Ordos basin and the J1b/ 
J2x samples. Short-chain n-alkanes (nC13 to nC20) predominate in the 
samples from the Ordos basin, with Pr/Ph ratios varying from 0.27 to 3.6 
(Table 2). The J1b and J2x coals are dominated by intermediate-chain n- 
alkanes (nC23 to nC25), with Pr/Ph ratios ranging from 1.9 to 6.4 for J1b, 
and from 3.9 to 8.7 for the J2x samples. The dominance of odd carbon 
number high molecular weight n-alkanes range with CPI values in
creases from the Ordos basin (1.05–2.29) and J1b I (1.14–1.42) through 
the J1b II (1.07–2.84) to the J2x samples (1.67–5.56).

4.2. Steranes

The distribution patterns and relative concentrations of regular 
steranes can be used as source parameters that can also differentiate 
between depositional environments (Peters et al., 2005). Regular C27, 
C28, and C29 steranes were detected in all coal samples (Fig. 4). Sterane 
formation and composition are affected by the depositional environ
ments and diagenetic processes. C27 steranes originate from the cellular 
membranes of vertebrates, algae and plankton. C28 steranes are derived 
from C28-sterols, which are precursors synthesized in some microalgae, 
and C29 steranes are indicators of higher plant cells (Huang and 

Table 2 
Results of biomarker indicators referred to in the text.

Basin Sample 
Name

Formation n-Alkane and isoprenoid 
ratios

Regular sterane and 
ratios

1,7-DMP/ 
(1,7-+2,6 +
3,5-DMP)

Fl/(Fl 
+ Py)

BaA/ 
(BaA +
Chr)

C0/(C0 

+ C1) 
Fl/Py

IPy/ 
(IPy +
BgP)

Pr/ 
Ph

Pr/ 
C17

Ph/ 
C18

CPI C27% C28% C29% C27/ 
C29

Ordos 
basin

PX-S22 C-P 2.30 0.95 0.45 1.41 26.15 17.62 56.23 0.46 0.63 0.54 0.49 0.53 0.25

​ BD-S24 C-P 3.28 2.46 0.74 1.23 23.35 24.71 51.94 0.45 0.62 0.56 0.51 0.54 0.41
​ XX-S10 C-P 2.80 1.70 0.56 2.29 29.30 19.96 50.74 0.58 0.64 0.60 0.42 0.59 0.53
​ LX-S20 C-P 2.02 0.14 0.08 1.09 33.00 24.30 42.70 0.77 0.64 0.45 0.21 0.38 0.25
​ LL-S25 C-P 2.70 1.90 0.63 1.45 27.91 20.43 51.66 0.54 0.63 0.55 0.50 0.54 0.35
​ LX-S8 C-P 0.56 0.30 0.21 1.05 25.86 17.46 56.67 0.46 0.67 0.44 0.18 0.41 0.16
​ LX-S11 C-P 1.58 0.32 0.14 1.06 30.23 21.99 47.78 0.63 0.69 0.49 0.21 0.41 0.18
​ BD-S21 C-P 1.70 1.35 0.47 1.23 24.38 24.41 51.21 0.48 0.61 0.59 0.50 0.50 0.42
​ LL-S5 C-P 0.51 0.55 0.46 1.82 n.d. n.d. n.d. n.d. 0.31 0.33 0.09 0.46 0.15
​ HC-S4 C-P 0.27 0.54 0.71 1.28 n.d. n.d. n.d. n.d. 0.16 0.46 0.08 0.55 0.28
​ PX-S6 C-P 1.69 1.01 0.34 1.06 40.14 15.94 43.92 0.91 0.65 0.36 0.28 0.39 0.25
​ YP-S9 C-P 0.38 0.43 0.49 1.13 n.d. n.d. n.d. n.d. 0.27 0.40 0.13 0.45 0.25

Junggar 
basin

LHG-A6 J2x 3.90 0.97 0.22 3.15 12.72 19.42 67.86 0.19 0.82 0.55 0.62 0.65 0.72

​ LHG-E3 J2x 7.11 4.68 0.65 2.66 17.64 26.87 55.49 0.32 0.75 0.49 0.54 0.68 0.57
​ LHG-A10 J2x 8.06 9.03 0.77 3.33 13.45 23.08 63.46 0.21 0.70 0.54 0.45 0.62 0.45
​ LHG-E5 J2x 3.92 1.88 0.32 5.56 13.59 22.03 64.38 0.21 0.91 0.60 0.63 0.60 0.71
​ TCG-A9 J2x 8.68 2.03 0.17 2.01 16.77 21.14 62.09 0.27 0.89 0.68 0.35 0.66 0.39
​ TCG-F7 J2x 7.14 2.70 0.29 1.67 24.09 21.49 54.41 0.44 0.86 0.63 0.40 0.62 0.47
​ TCG-F9 J2x 8.49 2.28 0.19 2.01 16.98 19.99 63.03 0.27 0.88 0.68 0.36 0.65 0.37
​ JMSR-A3 J2x 5.44 11.65 1.41 1.77 13.43 16.40 70.17 0.19 0.87 0.49 0.48 0.52 0.35
​ JMSR- 

B11
J2x 6.42 3.03 0.26 1.67 15.71 18.77 65.53 0.24 0.92 0.49 0.55 0.49 0.35

​ JMSR- 
S17

J2x 6.55 1.98 0.18 1.75 18.17 15.96 65.87 0.28 0.91 0.59 0.56 0.54 0.58

​ CJ-F5 J1b I 2.24 1.19 0.69 1.42 58.47 15.65 25.88 2.26 0.78 0.41 0.23 0.38 n.d.
​ DHS-B7 J1b I 2.43 0.29 0.14 1.14 39.65 29.22 31.13 1.27 0.61 0.49 0.22 0.41 0.19
​ HTB-A7 J1b I 1.93 1.28 0.76 1.42 57.40 16.96 25.64 2.24 0.79 0.43 0.22 0.44 n.d.
​ DHS-F10 J1b II 5.49 11.57 1.10 1.65 18.74 15.72 65.54 0.29 0.69 0.63 0.54 0.55 0.54
​ HX-D1 J1b II 6.38 2.79 0.25 2.84 15.38 23.88 60.74 0.25 0.81 0.65 0.59 0.68 0.58
​ HTB-A4 J1b II 3.90 10.89 1.69 1.07 23.35 23.56 53.09 0.44 0.69 0.62 0.54 0.68 0.51
​ HTB-A8 J1b II 4.12 4.35 0.63 1.67 24.04 21.65 54.31 0.44 0.72 0.66 0.56 0.68 0.53

Pr: Pristane; Ph: Phytane; DMP: dimethylphenanthrene; Fl: fluoranthene; Py: pyrene; BaA: benz[a]anthracene; Chy: chrysene; C0: non-methylated PACs; C1: meth
ylated PACs; IPy: indeno[1,2,3-cd]pyrene; BgP: benzo[ghi]perylene; C0/(C0 + C1) Fl/Py = (Fl + Py)/(C0 Fl + C1 Fl + C0 Py + C1 Py); n.d.: not detected.
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Meinschein, 1979; Peters et al., 2005; Volkman et al., 2005).
In this study, regular C27, C28, and C29-steranes series were detected 

in all samples, with the Ordos basin and J1b I samples all being domi
nated by C27, C28, and C29-5α(H),14α(H),17α(H)-20R-cholestanes. The 

concentrations of C27 and C29-steranes were significantly higher than 
that of C28 steranes, indicating similar contributions of higher plants and 
algae and plankton. In the samples from the Ordos basin, C29 regular 
steranes are more abundant (C27/C29 ααα 20R steranes from 0.49 to 

Fig. 4. Sterane and diasterane distributions (m/z 217 partial mass chromatograms) of the saturated hydrocarbon fractions of six representative samples.

Fig. 5. Total ion chromatograms (TICs) of the aromatic compounds of six representative samples.
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0.91), while the J1b I samples are moderately-to-strongly dominated by 
C27 regular steranes (C27/C29 ααα 20R steranes from 0.82 to 1.17) 
(Fig. 3; Table 2). The J1b II and J2x samples are dominated by regular 
C29-sterane isomers (C27/C29 ααα 20R steranes from 0.25 to 0.44) 
(Fig. 4).

4.3. Aromatics

Aromatic compounds have a significant role in assessing depositional 
environments and sources of organic matter. The distributions of aro
matic compounds in the Ordos basin samples are generally similar, with 
a series of 2- to 6-ring PACs being identified. However, the contents of 
PACs in the Junggar samples are significantly different. The relative 
abundance of 5-ring and higher molecular weight PACs in some of the 
J1b I samples are lower than those in the J1b II and J2x samples or are 
undetectable.

The total ion chromatogram of the aromatic fraction is dominated by 
naphthalene, alkylnaphthalenes, phenanthrene, and alkylphenan
threnes (Fig. 5). PAHs ranging from 4 to 6 rings were detected in the 
Ordos basin, J2x, J1b II, and some of the J1b I samples (Li et al., 2012; 
Zakrzewski and Kosakowski, 2021), including compounds such as flu
oranthene (Fl), pyrene (Py), benz[a]anthracene (BaA), chrysene (Chy), 
benzo[k]fluoranthene (BkFl), benzo[e]pyrene (BePy), benzo[a]pyrene 
(BaPy), Perylene (Pe), indeno[1,2,3-cd]pyrene (IPy), benzo[ghi]per
ylene (BgP) (Fig. 6).

1,7-DMP/(1,7 + 2,6 + 3.,5-DMP), Fl/(Fl + Py), BaA/(BaA + Chy), 
C0/(C0 + C1) Fl/Py, and IPy/(IPy + BgP) ratios were calculated 
(Table 2). The 1,7-DMP/(1,7 + 2,6 + 3.,5-DMP) ratio shows low values 
(0.33–0.60) in Ordos basin samples and J1b I samples (0.41–0.49), while 
being higher in J2x samples (0.49–0.68) and J1b II samples (0.62–0.66). 
This applies as well to the Fl/(Fl + Py) ratio in Ordos basin and J1b I 
samples (from 0.09 to 0.51, and 0.22 to 0.23), whereas in J2x samples 
and J1b II samples, the values are higher (0.35–0.63 and 0.54–0.59). The 
BaA/(BaA + Chy), C0/(C0 + C1) Fl/Py, and IPy/(IPy + BgP) ratios in 
Ordos basin samples (from 0.16 to 0.69, 0.38 to 0.59 and 0.15 to 0.53) 

are relatively dispersed. In J2x samples, the BaA/(BaA + Chy) and IPy/ 
(IPy + BgP) ratios reach the highest values (up to 0.92 and 0.72), while 
being lower and/or more consistent in J1b I samples (0.61–0.79 and 
0–0.19) and J1b II samples (0.69–0.81 and 0.51–0.58). The C0/(C0 + C1) 
Fl/Py ratio shows relatively dispersed in J2x samples, J1b I samples and 
J1b II samples (from 0.49 to 0.68, 0.38 to 0.44, and 0.55 to 0.68) 
(Table 2).

4.4. Carbon isotopic compositions of individual PACs

Ten samples from different sedimentary environments were selected 
for isotopic analysis of individual PACs. δ13C values were measured for 
various PACs, including DBF, 4-MDBF, and 2 + 3-MDBFs (Table 3). In 
the Ordos basin samples, the δ13C values of DBF range from − 28.0 ‰ to 
− 24.1 ‰; 4-MDBF are quite similar (− 27.6 ‰ to − 26.8 ‰); but the 2 +
3-MDBFs have a wide distribution (− 29.7 ‰ to − 25.1 ‰). In the 

Fig. 6. Partial mass chromatograms of m/z 202 + 228 + 252 + 276 of the aromatic fractions of samples.

Table 3 
Compound-specific carbon isotope data for dibenzofuran, and methyl
dibenzofurans in the coals from the Ordos basin and Junggar basin.

Basin Sample Name Formation δ13C (‰ vs VPDB)

DBF 4- 
MDBF

2 + 3-MDBF

Ordos basin PX-S22 C-P − 24.1 − 27.5 − 29.7
​ BD-S24 C-P − 28.0 − 26.8 − 27.7
​ XX-S10 C-P − 27.4 − 27.6 − 26.1
​ LX-S20 C-P − 24.3 − 26.5 − 25.1
​ LL-S25 C-P –23.5 − 27.5 − 29.3

Junggar basin LHG-A6 J2x − 25.4 − 25.9 − 25.5
​ LHG-E3 J2x − 26.2 − 25.8 − 26.8
​ CJ-F5 J1b I − 19.7 − 31.6 − 29.4
​ DHS-B7 J1b I − 19.8 − 25.1 − 26.1
​ HTB-A7 J1b I − 20.2 − 30.1 − 29.5

DBF: dibenzofuran; MDBF: methyldibenzofuran.
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Junggar basin, the δ13C values of 4-MDBF and 2 + 3-MDBFs in J2x 
(− 25.9 ‰ to − 25.8 ‰ and − 26. 8 ‰ to − 25.5 ‰) are much higher than 
those in J1b (− 31. 6 ‰ to − 30.1 ‰, − 29.5 ‰ to − 29.4 ‰). However, the 
δ13C values of DBF in J2x (− 26.2 ‰ to − 25.4 ‰) are much lower than 
J1b (− 20.2 ‰ to − 19.7 ‰) (Table 3).

5. Discussion

5.1. Palaeodepositional environments and organic matter source input

In this study, the depositional environments and origins of organic 
matter were attributed based on the distributions of biomarker in
dicators. The distributions of Pr and Ph are considered to be effective 
indicators of the redox conditions, even though they were influenced by 
many different geological factors (Didyk et al., 1978). In this study, the 
Pr/nC17 and Ph/nC18 ratios range from 0.29− 11.65 and 0.08–1.69, 
respectively. The cross-plot of Pr/nC17 versus Ph/nC18 reveals that the 
Ordos basin samples were deposited under sub-oxic to oxic conditions; 
the J2x and J1b II samples were deposited under oxic conditions; and the 
J1b I were deposited under sub-oxic to dysoxic conditions (Fig. 7).

The C27/C29 sterane ratio can be used to determine the origins of 
organic matter (Nichols et al., 1990; Moore et al., 1992; Gorter, 2001). 
On the C27/C29 steranes versus Pr/Ph cross-plot, most of the Ordos basin 
samples are located in the sub-oxic to dysoxic zones with terrestrial 
plant input. The J2x and J1b II samples are in the oxic zone with 
terrestrial plant input. However, the J1b I samples fall within the sub- 

oxic-to-dysoxic zones with mixed terrestrial and algal input (Fig. 8). 
The Spearman’s correlation between Pr/nC17 and Ro values (|r|＜0.5) in 
each three types of samples (Ordos, J2x and J1b) indicate that the effect 
of thermal maturity on Pr/nC17 is limited, but it has a relatively stronger 
impact on C27/C29 (0.34 < |r| < 0.74) (Fig. S1; Table S1).

Moreover, sterane distributions are widely applied to predict OM 
source input. The ternary diagram of C27-C28-C29 ααα 20R steranes 
(Moldowan et al., 1985) shows mixed plankton and higher plant inputs 
for the Ordos basin samples. The J2x and J1b II samples fall mainly 
within the area of terrestrial plant input, and the J1b I samples fall within 
the area of mixed plankton and land plant input, except a sample which 
in the area of plankton and bryophytes input (Fig. 9).

In summary, it is an acceptable conclusion that the OM in the Ordos 
basin samples was deposited in a transitional environment with sub-oxic 
to dysoxic conditions, dominated by mixed contributions of planktonic 
algae and terrigenous plants. The J2x and J1b II samples were sourced 
from terrigenous organic matter in oxic and terrestrial environments. In 
contrast, the OM in J1b I samples was deposited in a transitional envi
ronment with algal and a bit bryophytes input under sub-oxic to dysoxic 
conditions.

5.2. Sources of PAH in the coal samples

Previous research has indicated that the relative abundances of PAHs 
can also be applied to determine their sources (Yunker et al., 2002; 
Budzinski et al., 1995; Gao et al., 2018; Zhao et al., 2023). In this study, 
the Fl/(Fl + Py), IPy/(IPy + BgP), 1,7-DMP/(1,7 + 2,6 + 3.,5-DMP), C0/ 
(C0 + C1) Fl/Py and BaA/(BaA + Chy) ratios were chosen as indicators of 
combustion/petrogenic sources (Yunker et al., 2002; Zakrzewski and 
Kosakowski, 2021). The cross plots of these ratios and Ro values with the 
results of Spearman’s non-parametric correlation analysis of Ordos, J2x 
and J1b samples indicated that thermal maturity has limited influence 
on them (Table S1; Fig. S2).

Based on these indicators, the majority of samples appear to be 
predominantly of pyrolytic origin (Fig. 10). This is particularly true for 
J2x and J1b II, while Ordos and J1b I suggest increased contributions 
from petrogenic sources (Table 2; Fig. 10). These results indicate that the 
occurrence of wildfires significantly affected the samples from J2x, J1b 

Fig. 7. Cross-plot of phytane/nC18 and pristane/nC17 for the coals from the 
Ordos and Junggar basins showing their depositional conditions and types of 
organic matter (after Shanmugam, 1985).

Fig. 8. Cross-plot of the C27/C29 ααα-20R sterane ratio versus the pristane/ 
phytane ratio for the coals from the Ordos and Junggar Basins (after 
Gorter, 2001).

Fig. 9. Ternary diagram of regular steranes (C27, C28, and C29) showing the 
relationship between sterane compositions and organic matter input (modified 
after Huang and Meinschein, 1979).
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II, and parts of the Ordos basin but had a limited effect in other parts of 
the Ordos basin and in the J1b I samples.

5.3. Factors reflected by the δ13C values of dibenzofuran and 
methyldibenzofurans

5.3.1. The contributions of various plant types
The DBF homologous series may be products of incomplete com

bustion from either natural combustion sources or derived from bio
logical precursors found in terrestrial plants and lichens (Sephton et al., 
1999; Radke et al., 2000; Millot et al., 2016). DBF may derived from 

terrigenous higher plants, while MDBFs may have various sources, 
including lichens and higher plants (Liang et al., 2024). Previous 
research has indicated that the origin of organic matter is a crucial factor 
in determining the isotopic distribution of individual compounds 
(Galimov, 2006; Maslen et al., 2011; Cesar and Grice, 2017; Karp et al., 
2020). It is supported that the OM from lichens, which are widely 
distributed in the environment similar to the coals in this study, are 
characterized by δ13C ranges (~− 30 ‰) lower than higher plants 
(≥− 27 ‰) (Lakatos et al., 2007; Maslen et al., 2011).

These results also show up in δ13C results of this study: the δ13C 
values of DBF in all samples (average − 25.5 ‰ in Ordos samples, − 25.8 

Fig. 10. Diagnostic plots indicating PAC origin. (a) Fl/(Fl + Py) vs IPy/(IPy + BgP) plot, (b) Fl/(Fl + Py) vs 1,7-DMP/(1,7 DMP + 2,6- + 3,5-DMP), (c) Fl/(Fl + Py) vs 
C0/(C0 + C1) Fl/Py and (d) Fl/(Fl + Py) vs BaA/(BaA + Chy). Fl: fluoranthene; Py: pyrene; DMP: dimethylphenantrene; BaA: benz[α]anthracene; Chy: chrysene.

Fig. 11. δ13C values of dibenzofuran and alkyldibenzofurans in selected coals. Fig. (a) is the δ13C of DBF, 4-MDBF and 2 + 3-MDBFs in the Ordos basin samples. Fig. 
(b) is the δ13C of the same compounds in the Junggar samples.
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‰ in J2x, and − 19.9 ‰ in J1b I samples) are higher than those of 4-MDBF 
(− 27.2 ‰, − 25.9 ‰, and − 28.9 ‰) and 2 + 3-MDBF (− 27.5 ‰, − 26.1 
‰, and − 28.3 ‰), especially in J1b I samples (Table 3; Fig. 11). Our data 
suggests that the simple DBF compounds were isolated mainly from 
higher plants, and compounds with methyldibenzofurans structures 
(such as 4- and 2 + 3-DBFs) may derive from various sources, both li
chens and higher plants.

5.3.2. Minimal fractionation during the wildfire effects
The DBF in the J2x samples (− 26.2 ‰ to − 25.4 ‰) shows lower δ13C 

values than in the J1b samples (− 20.2 ‰ to − 19.7 ‰) (Table 3; Fig. 11). 
The J1b samples, which are considered to have mixed origins of organic 
matter with more plankton input and show almost no influence from 
wildfires compared to the J2x samples, have relatively higher δ13C 
values of DBF. Conversely, the J2x samples show lower δ13C values of 
DBF, which coincides with the evidence of wildfires supported by the 
PAH indices and greater input from terrestrial plants (Fig. 8; Fig. 9; 
Fig. 10). This trend is also found in the Ordos Basin coals, especially in 
BD-S24 and XX-S10 (Table 3; Fig. 11a), although it is not as obvious as in 
J2x samples. These trends may result from the lower input of land plants 
and mixed PAHs, which are eindicated by the biomarkers and PAH 
indices (Fig. 8; Fig. 9; Fig. 10), indicating that the impact of the wildfire 
was relatively less severe than on J2x coals.

Transitions between compounds can also occur during combustion. 
Theoretical calculations using density functional theory and molecular 
dynamics simulations reveal that the reaction temperatures for methyl 
shift isomerization and the demethylation of these compounds are above 
830.90 ◦C (Yang et al., 2019; Wang et al., 2020) —temperatures that can 
be exceeded during wildfire events. These records suggest that the 
fractionation process described above is possible (Fig. 12). Because of 
the activation energy for C–C bonds that include a 12C methyl moiety, is 
lower than that of C–C bonds that include a 13C methyl moiety (Galimov, 
2006; Le Métayer et al., 2014). Our data suggest that preferential 
demethylation of 13C-depleted MDBFs leads to 13C enrichment of re
sidual isomers. Increased wildfire activity in the J2x samples resulted in 

DBFs with a higher contribution from combustion products, leading to 
lower δ13C values than those in the J1b coals, producing δ13C values of 
MDBFs that are relatively higher and closer to that of DBF due to the 
increased input from higher plants (Table 3; Fig. 12). Furthermore, the 
13C-depleted products from these demethylation reactions contribute to 
lower δ13C values of DBF in samples affected by wildfires (Fig. 12).

6. Conclusions

In this study, a molecular approach was complemented by a 
compound-specific isotope approach (CSIA) to differentiate the sources 
of individual PACs in coals from the Ordos and Junggar basins in 
western China. δ13C values were obtained for various sub-classes of the 
aromatic fractions, such as DBF, 4-MDBF and 2 + 3-MDBF. In the case of 
coals, there is no systematic variation in the δ13C values of individual 
PACs with increasing thermal maturation. The source of the OM is found 
to be a key factor in determining the isotopic distribution of PACs. The 
differences in δ13C values between DBF and MDBFs are due to biogenic 
differences. DBF is derived from a single higher plant source, while 
MDBFs have multiple sources, including higher plants and various 
lichen species. The similarities between the δ13C values for DBF and 
MDBFs in the heavily wildfire-affected samples are due to two factors: 
(1) The kinetic isotope effect led to enrichment of the residual MDBFs in 
the 13C isotopes and enrichment of DBF in the 12C isotopes. (2) A pre
dominance of higher plant inputs over lichens resulted in higher δ13C 
values for MDBFs.
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