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ARTICLE INFO ABSTRACT

Associate Editor — Kliti Grice All six dinaphthofuran (DNF) isomers have been unequivocally identified in sedimentary organic matter through
the co-injection with commercially available standards for the first time. The elution order and retention indices
(D of dinaphthofurans (DNFs) were obtained by GC-MS analysis. Quantum chemical computations were carried
out to determine the thermodynamic stability sequence of DNF isomers, which is as follows: dinaphtho[1,2-
b;2,1’-dlfuran > dinaphtho[1,2-b;1’,2’-d]furan > dinaphtho[1,2-b;2,3'-d]furan > dinaphtho[2,1-b;2,3'-d]
furan > dinaphtho[2,3-b;2’,3'-d]furan > dinaphtho[2,1-b;1’,2’-d]furan. The DNF isomers are ubiquitous in coal
samples in this study. The effects of maturity on the distribution patterns of DNFs in the coals were investigated
and the relative abundance of dinaphtho[1,2-b;2',1’-d]furan (1221DNF) to dinaphtho[1,2-b;2/,3'-d]furan
(1223DNF) is significantly controlled by maturation. Based on theoretical calculations and geochemical data, a
dinaphthofuran maturity indicator, defined as DNFR (1221DNF/1223DNF), is proposed. A preliminary cali-
bration of DNFR against the vitrinite reflectance (%Ro) was established with the following relationship: %Rc =
1.27 x DNFR - 1.12 (for %Ro values > 1.00). DNFR is a useful indicator in evaluating the maturity for sediments
with Type II-1II organic matter. DNFs in coals may be produced during diagenesis and catagenesis and oxic
environment contributes to their generation. This study helps us better understand the occurrence and signifi-
cance of complex oxygen-containing organic compounds in sedimentary organic matter.
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four unidentified dinaphthofuran isomers were detected in oxidation
and decarboxylation products of Pocahontas No. 3 Coal by GC-MS

1. Introduction

Dinaphthofurans (DNFs) are important complex oxygen-heterocyclic
aromatic compounds in coal tar, oxidation products of coal, sediments,
and sedimentary rocks (e.g. Borwitzky and Schomburg, 1979; Stock and
Obeng 1997; Brack et al., 2003a, 2003b; Marynowski et al., 2009, 2011;
Grafka et al., 2015). However, little is known about the detection,
identification and geochemical significance of dinaphthofurans in pe-
troleum geochemistry.

An unidentified dinaphthofuran isomer was first detected in coal-
carbonization products by high-resolution mass spectrometry (Shultz
et al.,, 1972) and in coal tar by GC-MS (gas chromatography-mass
spectrometry) analysis (Borwitzky and Schomburg, 1979). Afterwards,

analysis (Stock and Obeng 1997). Brack et al. (2003a) tentatively
identified all six dinaphthofuran isomers in sediments by high perfor-
mance liquid chromatography (HPLC) and then Brack et al. (2003b)
preliminarily identified two of the six dinaphthofuran isomers, namely
dinaphtho[1,2-b;1’,2'-d]furan (1212DNF) and dinaphtho([2,1-b;2/,3'-d]
furan (2123DNF), in contaminated sediments by mass spectra, retention
index (), reversed-phase liquid chromatography (RP-LC) capacity fac-
tors and UV absorption spectra. Subsequently, dinaphthofurans were
detected and tentatively assigned in sediments by GC-MS, RP-HPLC and
GC x GC-ToF-MS (Brack et al., 2005, 2007; Liibcke-von Varel et al.,
2008; Skoczynska et al.,, 2008; Xiao et al., 2016). Significantly,
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Marynowski et al. (2009, 2011) and Grafka et al. (2015) tentatively
detected some dinaphthofuran isomers in ancient sedimentary organic
matter, but the specific positions of these isomers were not confirmed.
Due to the potential biological carcinogenicity and mutagenicity
(Vondracek et al., 2004), dinaphthofurans are important toxic pollutants
in ecological environment and key research subjects in environmental
and biological science (Brack et al., 2007; Skoczynska et al., 2008; Xiao
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et al., 2016). However, up to now, there has been no report on the
occurrence, identification, and distribution of dinaphthofurans in coals.

The origin of DNFs is still controversial. Poutsma and Dyer (1982)
proposed that dinaphthofurans are the thermolysis products of naph-
thols. Guseva et al. (1980) reported that dinaphthofurans are major
impurities in technical 2-naphthol. Brack et al. (2003b) thought that
DNFs in sediments may be products of naphthol. Marynowski and
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Simoneit (2009) speculated that DNFs in charcoal-bearing sedimentary
rocks may be derived from combustion processes. However, little work
has been done to investigate the origin of DNFs in the geosphere.

Dibenzofuran (DBF), its methylated homologues (MDBFs), and
benzo[b]naphthofurans (BNFs) are important oxygen-heterocyclic aro-
matic compounds and have been applied as useful molecular markers in
organic geochemistry. The distribution patterns of DBF and MDBFs are
mainly dependent on the depositional environment and organic matter
type of source rock (Pu et al., 1991; Radke et al., 2000; Li et al., 2013; Li
and Ellis, 2015). DBF and MDBFs seem to prevail in terrestrial and
freshwater sedimentary rocks and coals (Pu et al., 1991; Li et al., 2013).
The relative abundance of alkyldibenzofuran (ADBF) with respect to
alkyldibenzothiophene (ADBT) has been proposed to distinguish depo-
sitional environments (Sephton et al., 1999; Kruge et al., 2000; Radke
et al., 2000). More recently, researchers identified DBF, MDBFs and
BNFs in crude oils and source rocks by comparison with co-injected
internal standards, and suggested that they are potential molecular
markers to indicate oil migration pathways and distances (Li et al., 2011;
Li and Ellis, 2015).

The geochemical application and related formation mechanism of
DNFs have not been reported. In this paper, all six dinaphthofuran iso-
mers were unambiguously identified in sedimentary organic matter
through co-injection of commercially available standards in GC-MS
analyses for the first time. We calculated the standard retention indices
of dinaphthofurans on a HP-5MS chromatographic column and present
their mass spectra. Density functional theory (DFT) calculations were
conducted to determine the thermal stability of each DNF isomer. We
then depict the occurrence and distribution patterns of DNFs in coals
from six different basins in China. A maturity indicator of dinaph-
thofurans is proposed based on geochemical data and theoretical

Table 1
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calculations. The origin and formation mechanism of DNFs in the geo-
sphere were also preliminarily investigated through comparison with
dibenzofurans. This study attempts to provide a better understanding of
the occurrence and source of dinaphthofurans in sedimentary organic
matter.

2. Samples and geologic setting

The Junggar Basin, located in the northern Xinjiang Uygur Autono-
mous Region of China, is one of the important coal-producing basins in
China (Fig. 1a,g) (Li et al., 2012; Fang et al., 2015). The coal seams
mainly occur in Lower-Middle Jurassic sequence, including the
Badaowan Formation (J1b) and Xishanyao Formation (Jox) (Chen et al.,
2003; Qian et al., 2018). Fourteen coals were collected from J;b and Jox
in the southeastern part of the basin. The Badaowan Formation mainly
contains fluvial and paludal facies. The Xishanyao Formation was
deposited in alternating environments of deltaic, fluvial, and lacustrine
shores (Hendrix et al., 1995; Zhou et al., 2010). The Badaowan and
Xishanyao formations were not affected by the hydrothermal activity
(Liu et al., 2012).

The coals collected from the Junggar Basin are abundant in organic
matter with total organic carbon (TOC) contents of 46.0-86.3%,
hydrogen index (HI) values of 60.0-529 mg HC/g TOC, and extractable
organic matter (EOM) of 16.3-95.2 mg/g Corg. The vitrinite reflectances
ranges and Tmax values of most coals are 0.46-0.76 %Ro and
426-449 °C, respectively (Table 1). The organic matter is mainly
comprised of Type II-III kerogen.

Ordos Basin is an intracratonic depression basin in north-central
China (Fig. 1a,d) with the Paleozoic strata covering an area of 250 x
10° km? (Dai et al., 2005; Yang et al., 2005). The natural gas in Upper

TOC contents, Rock-Eval pyrolysis analyses, vitrinite reflectances and extractable organic matter of the studied coal samples.

Basin Sampling Site ~ Sample Name  Formation  Type TOC (%) Tmax (°C) % HI (mg HC/g TOC)  OI (mg CO2/g TOC)  EOM (mg/g Corg)
Ro
Junggar Basin  Jimusar JMSRS17 Jox Outcrop  46.0 432 0.53 419 16.1 95.2
JMSRB6 Jox Outcrop 80.3 427 0.49 529 9.82 74.7
Dahuangshan DHSF10 Jib Outcrop 77.6 431 0.53 410 11.1 33.9
DHSB2 Jib Outcrop  77.8 434 0.51 391 12.6 58.0
Houxia HXD1 Jib Outcrop 81.3 436 0.60 159 9.28 28.7
HXB4 Jib Outcrop 80.5 428 0.53 430 9.44 35.7
Hutubi HTBA14 Jib Outcrop  78.5 434 0.50 198 11.3 25.9
HTBAS Jib Outcrop  82.0 444 0.68  98.7 8.58 22.8
HTBA7 Jib Outcrop 86.3 454 1.08 60.0 7.99 20.7
Changji CJF5 Jib Outcrop  73.7 430 0.60 204 11.7 46.7
Liuhuanggou LHGE3 Jox Outcrop  71.4 431 0.52 87.9 18.6 16.3
LHGES Jox Outcrop 71.5 426 0.46 221 21.0 34.1
Shimenzi SMZM1 Jox Outcrop 70.7 438 0.62 331 11.9 57.8
Tiechanggou TCGF7 Jox Outcrop  84.4 449 0.76 115 7.79 18.8
Ordos Basin Baode BDS24 C-P Outcrop  68.6 444 0.62 246 8.85 74.3
BDS14 C-P Outcrop  73.9 444 0.71 236 8.69 71.8
Linxian LXS11 C-P Outcrop 77.9 444 0.77 239 6.20 78.2
LXS15 C-P Outcrop  91.5 463 096 176 5.14 11.1
LXS8 C-P Outcrop 71.2 455 1.03 194 6.73 17.4
Xingxian XXS2 C-P Outcrop  85.4 492 1.35 120 5.43 8.36
Liulin LLS25 C-P Outcrop  84.3 493 1.40 974 4.45 7.84
LLS5 C-P Outcrop 75.1 489 1.27 96.9 4.09 15.1
Hancheng HCS1 C-P Outcrop  80.7 498 1.66 62.9 4.38 2.69
HCS4 C-P Outcrop  83.8 501 1.88 488 4.12 4.78
Puxian PXS22 C-P Outcrop  83.1 435 0.62 275 6.70 138
PXS6 C-P Outcrop  84.3 444 0.63 230 6.99 88.7
Tarim Basin Baicheng BCS16 J Outcrop  88.3 491 1.81 54.8 2.42 4.58
Baicheng BCA1 J Outcrop  76.8 448 1.18 200 4.00 36.09
Kuchehe KCA4 J Outcrop 47.9 432 0.60 28.7 48.2 39.57
Sichuan Basin ~ Wanyuan Wyl P Outcrop  61.8 483 1.30 87.0 10.9 50.19
Muli Basin Datong DTG2 J Outcrop  75.1 427 0.50 81.6 10.0 19.15
Wailihada WLG3 J Outcrop 38.4 457 1.48 43.5 6.62 17.98
Yilan Basin Yilan YLF2 E Outcrop  72.7 422 0.55 252 9.50 33.11
Yilan YLD4 E Outcrop  66.9 435 0.59 191 6.50 6.77

TOC: total organic carbon; Tmax: temperature at maximum generation; %Ro: vitrinite reflectance; HI: hydrogen index = S, x 100/TOC; OI: oxygen index = S3 x 100/

TOC; EOM: extractable organic matter.
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Paleozoic strata was mainly derived from the Carboniferous-Permian
(C-P) coal measure source rocks and coals (Dai et al., 2005; Hu et al.,
2010). These source rocks were widely distributed over the entire basin
and have an area of 180 x 10° km? (Shuai et al., 2013; Huang et al.,
2015). The Carboniferous-Permian stratum principally developed
marine—terrestrial transitional facies and consists of coal seams, black
shales, and sandstones. The Upper Palaeozoic strata were affected by
hydrothermal fluid alteration due to the volcanic activity, which
occurred in the Early Cretaceous in the southeast of the Ordos Basin
(Yang et al., 2005; Li and Gao, 2010). A suite of 12 coal samples were
collected from Carboniferous-Permian coal measure strata in this basin.
The TOC, HI, and extractable organic matter values of the coals are
68.6-91.5%, 48.8-275 mg HC/g TOC, and 2.69-138 mg/g Corg
respectively. Based on the Tmax and HI values, the coals mainly contain
Type II-III kerogen. Most coals from this basin are characterized by
higher maturity with %Ro = 0.96-1.88 (Table 2).

The Tarim Basin, in northwestern China, is the largest inland basin
and one of the most important hydrocarbon-producing basins in China
(Li et al., 1996). The Kuga Depression is located in the northern part of
the Tarim Basin (Fig. 1a,c). The Jurassic strata contains many thick coal
beds, which were deposited in lacustrine and marginal lacus-
trine-swamp transitional environments (Liang et al., 2003; Jia and Li,
2008). Three coal samples were collected from the Jurassic formation.
The coals have TOC, HI, Tmax and EOM values of 47.9-88.3%,
28.7-200 mg HC/g TOC, 432-491 °C and 4.58-39.6 mg/g Corg,
respectively. Based on the Tmax and HI values, these coals mainly
contain Type II-1II kerogen. The coals from this basin are characterized
by higher maturity with %Ro = 0.60-1.81 (Table 1).

The Yilan Basin, located in northeastern China, is a typical Cenozoic
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faulted basin (Fig. 1a,b). The coal seams mainly occur in Paleogene
strata, which were deposited in lacustrine and delta facies (Liu et al.,
2012; Wang et al., 2013). Two coal samples were collected from the
Paleogene formation. The Muli Basin, located in the north of Qinghai
Province, China, is a coal-rich sedimentary basin (Fig. 1a,f). The coal
seams occur mainly in Jurassic strata, and the sedimentary environ-
ments are mainly lacustrine, swamp and deltaic (Zhang, 1996; Xu et al.,
2011). Two coal samples were collected from the Jurassic formation.
The Sichuan Basin, located in the northwest of the Yangtze Platform, is a
large superimposed basin (Fig. 1a,e) (Zou et al., 2014; Zhu et al., 2015).
The Upper Permian formation is a set of coal-bearing strata distributed
in the northeast of the Sichuan Basin, which were mainly deposited in a
marine-terrestrial transitional sedimentary environment (Feng et al.,
2013; Tenger et al., 2013). One coal sample was collected from the
Permian formation. The coals from the above three basins have TOC, HI,
EOM values of 38.4-75.1%, 43.5-252.5 mg HC/g TOC, 6.77-50.1 mg/g
Corg, respectively (Table 1). The coals are low mature to high mature
with vitrinite reflectances of 0.50-1.48 %Ro and Tmax values of
422-483 °C. These geochemical characteristics indicate that the coals
consist of Type II-III kerogen.

3. Analytical methods and reference standards
3.1. Analytical methods

A Leica MPV-SP microphotometer was used to measure the vitrinite
reflectances (%Ro) on the polished coals according to the method of

Kilby (1988). The TOC contents were determined by Carbon/Sulfur
Analyzer (LECO CS-230). The OGE-VI Pyrolysis Apparatus was used to

Table 2
Concentrations of dinaphthofurans and dibenzofurans in coal samples.
Sample Cao actat 20S/(20S + 20R) Cs1 225/(22S + 22R) Pr/ F Fa DNFR  4-MDBF/1- DBFs (ug/g DNFs (ug/g
Name sterane hopane Ph MDBF Corg) Corg)
JMSRS17 0.27 0.58 5.95 0.21 0.15 0.18 0.83 0.02 0.32
JMSRB6 0.31 0.61 5.98 0.17 0.12 0.24 0.97 0.01 0.90
DHSF10 0.24 0.56 4.63 0.36 0.27 0.23 1.79 0.01 0.39
DHSB2 0.25 0.60 3.66 0.39 0.28 0.27 1.60 0.01 0.86
HXD1 0.19 0.52 7.13 0.31 0.18 0.16 1.31 0.01 1.95
HXB4 0.27 0.60 7.53 0.14 0.09 0.18 0.93 0.02 1.24
HTBA14 0.20 0.51 10.30 0.35 0.21 0.17 0.76 0.05 2.96
HTBAS8 0.29 0.57 5.06 0.43 0.25 0.20 0.78 0.06 2.31
HTBA7 0.28 0.54 3.13 0.52 0.29 0.20 0.63 0.15 2.13
CJF5 0.21 0.55 7.69 0.35 0.21 0.20 0.68 0.20 3.22
LHGE3 0.27 0.36 9.80 0.41 0.27 0.17 1.06 0.02 1.07
LHGES 0.20 0.29 4.07 0.26 0.16 0.08 0.57 0.06 0.43
SMZM1 0.29 0.62 7.74 0.28 0.16 0.23 0.58 0.95 0.85
TCGF7 0.37 0.59 8.85 0.34 0.20 0.25 0.43 0.68 2.11
BDS24 0.42 0.58 0.77 0.45 0.25 0.26 1.35 0.34 0.62
BDS14 0.41 0.59 0.99 0.48 0.26 0.30 1.92 0.85 0.65
LXS11 0.41 0.62 1.41 0.50 0.28 0.11 0.96 3.38 0.64
LXS15 0.40 0.59 1.47 0.54 0.31 0.10 1.76 4.66 0.26
LXS8 0.48 0.58 0.96 0.55 0.31 0.09 1.54 3.35 0.33
XXS2 0.41 0.59 1.39 0.77 0.44 0.85 0.52 0.66 0.14
LLS25 0.46 0.56 1.20 0.78 0.44 0.83 0.27 0.41 0.13
LLS5 0.43 0.56 1.14 0.77 0.43 0.68 0.39 0.15 0.09
HCS1 0.43 0.61 0.77 0.87 0.53 1.09 0.42 0.24 0.24
HCS4 0.40 0.53 0.70 0.87 0.52 1.31 0.40 0.06 0.18
PXS22 0.47 0.59 1.40 0.47 0.26 0.18 1.62 2.24 0.85
PXS6 0.45 0.59 1.10 0.48 0.26 0.16 2.04 3.78 0.96
BCS16 0.51 0.57 2.13 0.73 0.41 0.96 0.75 0.01 0.27
BCA1 0.41 0.59 3.81 0.45 0.32 0.23 1.11 0.04 1.06
KCHA4 0.21 0.57 5.62 0.52 0.34 0.36 0.35 0.07 1.11
WY1 0.36 0.56 0.83 0.53 0.32 0.44 0.56 3.23 0.96
DTG2 0.40 0.24 6.54 0.31 0.16 0.09 0.86 0.01 1.90
WLG3 0.38 0.58 6.21 0.52 0.27 0.58 0.59 0.21 0.76
YLF2 0.13 0.53 6.63 0.29 0.20 0.10 0.27 0.07 0.62
YLD4 0.24 0.58 4.53 0.42 0.26 0.32 0.49 0.03 0.31

Pr/Ph: pristane/phytane; Fy: (3-MP + 2-MP)/(1-MP + 2-MP + 3-MP + 9-MP); Fo: (2-MP)/(1-MP + 2-MP + 3-MP + 9-MP); DNFR: 1221DNF/1223DNF; DNFs: the sum
of the absolute concentrations of 1221DNF, 2112DNF, 1212DNF, 1223DNF, 2123DNF, and 2323DNF; DBFs: the sum of the absolute concentrations of 1-, 2-, 3-, 4-

methyldibenzofuran and dibenzofuran.
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obtain the Rock-Eval pyrolysis parameters (Zhu et al., 2019). Prior to
analysis, deionized water and HCl were added to the coal samples for
removing contaminants and dissolving carbonates, respectively.

The coals were ground into powder (< 0.18 mm). The powder
samples were extracted with 400 ml dichloromethane/methanol (93:7,
v/v) for 48 h in a Soxhlet apparatus to obtain soluble bitumen. The
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extracts were deasphalted with petroleum ether, and then separated into
saturated, aromatic and resin fractions by liquid chromatography on a
column of alumina/silica gel. The eluents were petroleum ether,
dichloromethane/petroleum ether (2:1, v/v), and dichloromethane/
methanol (93:7, v/v), respectively. Saturated, aromatic fractions, and
mixture standards were analyzed by GC-MS on an Agilent 5975i GC-MS
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system equipped with a HP-5MS (5% phenylmethylpolysiloxane) fused
quartz capillary column (60 m x 0.25 mm i.d., 0.25 pm film thickness).
The GC oven programming for aromatic components began at 80 °C,
which was held for 1 min, then raised to 310 °C at 3 °C/min and held
isothermal for 16 min. For saturated fractions, the GC temperature
program was as follows: the initial temperature of the oven was kept at
50 °C for 1 min, increased to 120 °C at 20 °C/min, then ramped to 310 °C
at the rate of 3 °C/min, and finally was kept constant for 25 min. The
carrier gas was helium and the injector temperature was 300 °C. The
mass spectromterused electron impact (EI) with ionization energy of 70
eV and scanning range of 50-600 Da.

3.2. Reference standards

Six commercially available standards of dinaphthofuran isomers, i.
e., dinaphtho[1,2-b;2/,1’-d]furan (1221DNF), dinaphtho[2,1-b;1’,2-d]
furan (2112DNF), dinaphtho[1,2-b;1’,2'-d]furan (1212DNF), dinaphtho
[1,2-b;2/,3'-d]furan (1223DNF), dinaphtho[2,1-b;2’,3'-d]furan
(2123DNF), and dinaphtho[2,3-b;2/,3'-d]furan (2323DNF), were pur-
chased from Chiron AS, Norway. In order to calculate the retention
indices of dinaphthofuran isomers, we added picene, chrysene, and
phenanthrene to mixture solutions of authentic standards as markers.

3.3. Quantification of polycyclic aromatic hydrocarbons (PAHs)

A known amount of deuterium-substituted phenanthrene (phenan-
tharene-dio; molecular formula: Ci4D719; molecular mass: 188) was
added to each sample as an internal standard prior to GC-MS analysis.
The peak of phenantharene-d;p can be identified on m/z 188 mass
chromatogram, which is just eluted before the phenanthrene peak. The
peak area of DBF, MDBFs and DNFs were determined on m/z 168, 182,
and 268 mass chromatograms. By correlation with the peak area of
phenantharene-d;, the concentrations of DBF, MDBFs and DNFs can be
calculated.

4. Results and discussion
4.1. Distributions of aliphatic and aromatic hydrocarbons in coals

The total ion current (TIC) of the aliphatic fraction of the coal extract
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(Fig. 2a) is dominated by a series of n-alkanes ranging from Cy4 to Cgq.
The distributions of n-alkanes are relatively similar in most the coal
samples. Long chain Cy;-Cy; n-alkanes are characterized by an odd-
over-even predominance with a maximum at n-Cys. Pristane and
phytane were also detected in the coals. The Pr/Ph ratios of the coals
from the Junggar, Tarim, Muli, and Yilan basins range from 2.13 to 10.3,
while the coals from the Ordos and Sichuan basins were at the range of
0.70-1.47 (Table 2). Series of ap-hopanes are dominated by 17a(H),21f
(H)-hopanes (22R and 22S epimers) from Cyg to Cg3, with a maximum at
C30 hopane (Fig. 2b). Series of pa-moretanes (17p(H),21a(H)-hopanes)
were also detected ranging from Cag to Cgg, with a maximum at Czg. Ca7
17a(H)-22,29,30-trisnorhopane (Tm) was present in the coals with high
abundance (Fig. 2b). Cy7 18a(H)-22,29,30-trisnorneohopane (Ts), ole-
anane and gammacerane were present in very low concentration or
absent in the coals. C32—C35 benzohopanes were also detected in the
coals, which were reported in source rocks and coals in previous studies
(e.g., Liao et al., 2015; Nytoft et al., 2016). Steranes are dominated by
the Cy9 5a(H),140(H),17a(H)-20R regular sterane (Cog9 oo 20R ster-
ane), followed by an important contribution of the afff isomer (Fig. 2c).
The Co7—Cag steranes of most of the samples exhibit a Cog > Cag > Cay
steranes distribution pattern.

Fig. 3 displays the partial TIC of the aromatic fractions from the coal
sample and the main constituents are assigned. Alkylnaphthalene,
alkylphenanthrenes and 4- to 6-rings polycyclic aromatic hydrocarbons
(PAHs) are the most abundant compounds observed in the aromatic
fractions of the coals. Dibenzofuran (DBF), alkyldibenzofurans (MDBF,
DMDBF), and dinaphthofurans (DNFs) were also detected in the aro-
matic fractions, and their elution sequence is as follows: DBF, MDBFs,
DMDBFs, DNFs.

4.2. Identification of the dinaphthofurans

Some dinaphthofuran isomers in the pyrolysates of coal, sediments,
and sedimentary organic matter have been tentatively assigned without
co-injection of authentic standards (Stock and Obeng 1997; Brack et al.,
2003a, 2003b, 2005, 2007; Marynowski et al., 2009, 2011). The un-
equivocal identification of dinaphthofurans in ancient sedimentary
rocks has not yet been achieved. All six dinaphthofuran isomers were
firmly identified in the coal extracts using the co-injection of authentic
standards.

4-to 6-ring PAHs

TMP ® MDBF
LHGE3, J,x TIC ® MP
Liuhuanggou EP+DMP ® DNF
Junggar Basin -
Chrysene
(]
Q
=
<
E MP
’g N Retene]
<
(o)
Z
- DMDBF|
& TeMN.
T T T T T T T T T 1
45 50 55 60 65 70 75 80 85

Retion time (min)

Fig. 3. Total ion current chromatogram of the aromatic fractions from coal extract. Abbreviations: EN + DMN: ethyl- and dimethylnaphthalene; DBF: dibenzofuran;
TMN: trimethylnaphthalene; MDBF: methyldibenzofuran; TeMN: tetramethylnaphthalene; 1-MF: 1-methyl fluorene; DMDBF: dimethyldibenzofuran; IS: internal
standard; P: phenanthrene; PMN: pentamethylnaphthalene; MP: methylphenanthrene; EP + DMP: ethyl- and dimethylphenanthrene; TMP: trimethylphenanthrene;

PAHS: polycyclic aromatic hydrocarbons.
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The retention index system has been used to compare the retention
behavior of the compounds usingdifferent chromatographic columns
(Kovats, 1958; van den Dool and Kratz, 1963). The retention index
markers for PAHs analyses are phenanthrene (three rings, I = 300),
chrysene (four rings, I = 400), and picene (five rings, I = 500) (Lee et al.,
1979; Lietal., 2012; Zhu et al., 2019). The formula reported by Lee et al.
(1979) was used in this study to calculate the retention indices of the
dinaphthofuran isomers. By co-injection of commercially available
standards, the elution order and retention indices of the six dinaph-
thofuran isomers could be unequivocally determined. The elution
sequence of the dinaphthofurans using a HP-5MS capillary column is
follows: 1221DNF, 2112DNF, 1212DNF, 1223DNF, 2123DNF, and
2323DNF (Fig. 4), which is similar to the result of Brack et al. (2003b).
However, the measured retention indices for 1212DNF and 2123DNF in
this study (Table 3) are a little higher than that calculated by Brack et al.
(2003b).

Fig. 5 shows the background subtracted mass spectra of six dinaph-
thofuran isomers. All isomers are characterized by the highest abun-
dance of the molecular ion M at m/z 268. The mass spectra of
dinaphthofurans have diagnostic ion fragments at m/z 239, 134, 120
and 106 with high abundance of doubly charged ion at m/z 134. The
mass spectra of 1221DNF, 1212DNF, 1223DNF, 2123DNF, and
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2323DNF are quite similar (Fig. 5a,c-f). The essential difference be-
tween the five isomers (1221DNF, 1212DNF, 1223DNF, 2123DNF, and
2323DNF) and the other (2112DNF) is in the relative abundances of m/z
120 and m/z 239 ions relative to m/z 134 and m/z 268, respectively. For
1221DNF, 1212DNF, 1223DNF, 2123DNF, and 2323DNF, the m/z 120
and m/z 239 ion fragments are relatively low with the 120/134 ratios of
54-85% and 239/268 ratios of 17-24% (Fig. 5a,c—f). In contrast,
2112DNF has high abundances of the m/z 120 and 239 ions with a 120/
134 value of 405%, and a 239/268 value of 33%, respectively (Fig. 5b).
It appears that the isomer (2112DNF) tends to fragment more easily,
indicating its low thermal stability. For the 2112DNF, the intensities of
the double-charged ions m/z 133 and 134 are similar (Fig. 5b). However,
for the 1221DNF, 1212DNF, 1223DNF, 2123DNF, and 2323DNF, the
intensity of m/z 133 ion is much lower than that of m/z 134 ion (Fig. 5a,

c-f).

4.3. Thermodynamic stabilities of the dinaphthofuran isomers

The DFT calculations has become an important tool for studying
geochemical phenomena at the molecular level (e.g., Xiao et al., 2019;
Zhu et al., 2019; Liu et al., 2020; Wang et al., 2020). We conducted

quantum chemical calculations to obtain the thermodynamic
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Fig. 4. Identification of the dinaphthofurans in the coal of this study.
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Table 3
Retention indices of dinaphthofurans.
Compounds Reference (HP-5MS)”  Authentic standards (HP- Coal, Ordos Basin (HP- Coal, Junggar Basin (HP- Identification
5MS) 5MS) 5MS)
1 tr 1 tr 1 tr 1
Phenanthrene 300.00 41.886  300.00 41.864  300.00 41.850  300.00 Phenanthrene
Chrysene 400.00 62.615 400.00 62.536 400.00 62.537 400.00 Chrysene
dinaphtho[1,2-b;2'-1-d]furan - 70.414 444.26 70.352 444.36 70.370 444.49 dinaphtho[1,2-b;2'-1-d]furan
dinaphtho[2,1-b;1’-2'-d]furan - 70.509 444.80 70.395 444.61 70.481 445.12 dinaphtho[2,1-b;1’-2'-d]furan
dinaphtho[1,2-b;1’-2'-d]furan 440.10 71.389 449.79 71.300 449.74 71.339 449.99 dinaphtho[1,2-b;1’-2'-d]furan
dinaphtho[1,2-b;2'-3'-d]furan - 71.638 451.20 71.514 450.96 71.581 451.36 dinaphtho[1,2-b;2'-3'-d]furan
dinaphtho[2,1-b;2'-3'-d]furan 447.40 71.832 452.30 71.813 452.66 71.787 452.53 dinaphtho[2,1-b;2'-3'-d]furan
dinaphtho[2,3-b;2'-3'-d]furan - 72.501 456.10 72.391 455.94 72.412  456.08 dinaphtho[2,3-b;2'-3'-d]furan
Picene 500.00 80.237 500.00 80.154 500.00 80.145 500.00 Picene
tg:retention time; I: retention index.
2 retention indices of dinaphthofurans according to Brack et al. (2003b).
1007 268 100 208
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Fig. 5. Mass spectra of authentic dinaphthofuran isomers ordered in their elution sequence on an HP-5MS column.

parameters, such as Gibbs free energy (AG), internal energy (AU),
electron energy (AE), and enthalpy (AH), of DNFs. Gaussian 09 software
was used for all DFT calculations in this study (Zhu et al., 2019; Liu et al.,
2020). The geometries optimized in the gas phase at 25 °C were carried
out using the computing method of B3LYP/6-311++G (d,p) (Zhu et al.,
2019; Liu et al., 2020).

The calculations of thermodynamic properties of the dinaphthofuran
isomers show that 2112DNF has the highest energy, suggesting it is the
least stable isomer. However, 1221DNF is the most stable isomer with

the lowest energy. The thermodynamic stabilities of six dinaphthofuran
isomers decrease following the order: 1221DNF > 1212DNF >
1223DNF > 2123DNF > 2323DNF > 2112DNF (Table 4). Previous
studies have reported that steric hindrance may be an important control
factor of thermodynamic stability and Gibbs free energy for aromatic
compounds (Yang et al., 2019; Zhu et al., 2019; Liu et al., 2020). The
steric hindrance of the two naphthalene rings at furan ring cause the
thermodynamic instability (Fig. 6). For 2112DNF, these angles between
the naphthalene rings and the furan ring are considerably deformed
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Table 4
Thermodynamic properties of dinaphthofurans.
Isomer AE (kcal/ AU (kcal/ AH (kcal/ AG (kcal/
mol) mol) mol) mol)
dinaphtho[1,2-b;2'- 0.00 0.00 0.00 0.00
1’-d]furan
dinaphtho[1,2-b;1'- 0.73 0.74 0.74 0.70
2'-d]furan
dinaphtho[1,2-b;2'- 1.53 1.55 1.55 1.47
3'-d]furan
dinaphtho[2,1-b;2'- 2.20 2.23 2.23 2.10
3'-d]furan
dinaphtho[2,3-b;2'- 2.43 2.44 2.44 2.45
3’-d]furan
dinaphtho[2,1-b;1'- 6.83 6.80 6.80 6.92
2/-d]furan

from the optimal 120° (Fig. 6b). This makes the total energy increase
and causes the instability. For comparison, these corresponding angles
for 1221DNF, 1212DNF, 1223DNF, 2123DNF and 2323DNF, the more
stable isomers, are less deformed.

4.4. Effects of maturity on the distribution patterns of the
dinaphthofurans

Some dinaphthofuran isomers have been detected in the products of
coal chemical industry (e.g., coal tar and coal pyrolysates) and sedi-
ments (Shultz et al., 1972; Borwitzky and Schomburg, 1979; Brack et al.,
2003a,b). Afterwards, dinaphthofurans were tentatively detected in

(a) 1221DNF

(b) 2112DNF

&

© 1212DNF

(e) 2123DNF
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Triassic mudstones, Jurassic fossil wood, and Silurian shales from
Poland (Marynowski et al., 2009, 2011; Grafka et al., 2015). In this
study, dinaphthofurans were detected in the Jurassic coals from Junggar
and Tarim basins, Carboniferous—Permian coals from Ordos and Muli
basins, and Paleogene coals from Yilan Basin. These reports of dinaph-
thofurans indicate the wide occurrence of DNFs in the sedimentary
organic matter. Fig. 7 shows the distribution patterns of the dinaph-
thofurans in the coals with different thermal maturities. Less mature
coals with %Ro = 0.53-1.08 contain 1223DNF as the dominant isomer
and have relatively low abundances of 1221DNF, 1212DNF, and
2123DNF, while 2112DNF and 2323DNF are present in very low con-
centrations (Fig. 7a—c). For highly mature coals (> 1.27 %Ro), the
abundance of 1221DNF is high and comparable to that of 1223DNF,
while 1212DNF, 2123DNF and 2323DNF occur in relatively low abun-
dances and 2112DNF is below the detection limit or absent. The con-
centrations of 2112DNF are minor in less mature coals and become
essentially absent at high thermal maturities, suggesting that 2112DNF
is the least stable isomer, which is consistent with the results of our
theoretical calculations. Obviously, compared with 1223DNF, the con-
centrations of 1221DNF display an overall increase with increasing
maturity. Based on the distribution patterns of the DNFs in the coals, the
thermal maturity is the main control factor of the relative abundances of
1221DNF and 1223DNF. It can be reasonably estimated that the ther-
modynamic stability of 1223DNF is lower than that of 1221DNF, which
is in accord with the calculated thermal stability sequence.

Based on theoretical calculations and geochemical data, a thermal
maturity parameter of DNFs, defined as DNFR (1221DNF/1223DNF), is

(f) 2323DNF

119.40

J

Fig. 6. The geometric optimizations of: (a) 1221DNF, (b) 2112DNF, (c) 1212DNF, (d) 1223DNF, (e) 2123DNF, and (f) 2323DNF.
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Fig. 7. Distribution patterns of dinaphthofurans in the coals with different
thermal maturities.

proposed. Fig. 8a illustrates that DNFR (dinaphthofuran ratio) values
display a generally increase with an increase in thermal maturity. For
the coals with %Ro = 0.46-0.96, the DNFR ratios keep a low, nearly
constant value. Then they gradually increase with the increase of ther-
mal maturity after the peak of oil generation (> 1.03 %Ro). Previous
studies suggested that the distribution patterns of PAHs are usually
kinetically controlled at low thermal maturity and it can be also
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thermodynamically controlled at more advanced stages of maturity,
depending on the specific PAHs stability (van Duin et al., 1997;
Rospondek et al., 2009). The increasement of DNFR values in this study
suggested an increase in the concentration of the more thermally stable
isomer (1221DNF) and a decrease in the concentration of the less
thermally stable isomer (1223DNF) after the peak of oil generation (>
1.03 %Ro). This is related to the formation mechanism of DNFs. The less
stable isomer (e.g., 1223DNF) tends to be generated at the low maturity
stage (Yang et al., 2017; Zhu et al., 2019; Liu et al., 2020). With an in-
crease in thermal maturity, the isomer with low thermal stability (e.g.,
1223DNF) is likely to degrade or may transform into the isomer with
higher thermal stability (e.g., 1221DNF). Thus, compared with
1223DNF, the concentration of 1221DNF increases with the increase of
thermal maturity. Fig. 8a illustrates that DNFR has a good linear rela-
tionship with the vitrinite reflectance at %Ro = 1.03-1.88. A calibration
of DNFR against %Ro in the range of 1.03-1.88% was thus preliminarily
established. The specific formula is: %Rc = 1.27 x DNFR - 1.12 (for
values of %Ro > 1.0) with the related coefficient (R2) up to 0.86. This
indicates that dinaphthofurans are useful in petroleum geochemistry as
molecular markers, and DNFR is a potential maturity indicator at high
maturity stages.

4.5. Relationships between dinaphthofuran ratio and selected molecular
maturity parameters

The C3; 22S/(22S + 22R) hopane ratio is an effective maturity in-
dicator for immature to the early oil generation stages, whilst ratios in
the range of 0.57-0.62 suggest that the main phase of oil generation has
been reached or surpassed (Seifert and Moldowan, 1980; Peters et al.,
2005). The Cy9 aaax 20S/(20S + 20R) sterane ratio proposed by Seifert
and Moldowan (1986) is a commonly used biomarker maturity param-
eter which reaches equilibrium at 0.52-0.55. As can be seen from
Fig. 9a, DNFR values for the coals remain at a low constant value at Cg;
22S/(22S + 22R) hopane ratios of 0.24-0.57. However, DNFR values
show an increase when C3z; 225/(22S + 22R) hopane ratio reaches the
equilibrium value (0.57-0.62). The trend of DNFR values with
increasing Cog aca 20S/(20S + 20R) sterane ratios is similar to that of
the C3; 225/(22S + 22R) hopane.

The DNFR values for the coals remain at a low constant value at Cog
oo 20S/(20S + 20R) sterane ratios = 0.14-0.42. DNFR values also
exhibit an increase with Cy9 aca 20S/(20S + 20R) sterane ratios =
0.42-0.51. Interestingly, for most of the coal samples with high maturity
(> 1.0 %Ro0), Cy9 aaat 20S/(20S + 20R) sterane ratios (0.42-0.51) are
lower than the equilibrium values (0.52-0.55). The reason may be that
high maturities cause the decrease of Cag aoax 20S/(20S + 20R) sterane
ratios (Peters et al., 1990). The results are consistent with the trend of
DNFR values with increasing vitrinite reflectances, which suggest that
DNFR values have wider validity as maturity parameter compared with
Cog aaot 20S/(20S + 20R) sterane and Cz; 22S/(22S + 22R) hopane
ratios.

The methylphenanthrene distribution fractions (MDBF), i.e., F; = (3-
MP + 2-MP)/(1-MP + 2-MP + 3-MP + 9-MP) and F5 = 2-MP/(1-MP + 2-
MP + 3-MP + 9-MP), were proposed by Kvalheim et al. (1987) as
effective maturity parameters for coals. Fig. 9c,d illustrates that DNFR
values for these coals both exhibit overall increases with increasing F;
and F; values, which can be divided into two parts. The DNFR values for
the coals remain at a low constant value at F; = 0.14-0.5 and Fy =
0.09-0.25 (< 1.0 %Ro). Interestingly, DNFR values then gradually in-
crease with increasing F; and F; values (F; > 0.5 and Fp > 0.25) after
peak oil generation (> 1.0 %Ro). The observed phenomena are similar
to the trend of DNFR values with increasing vitrinite reflectances.
Therefore, DNFR has good correlations with widely used maturity pa-
rameters, suggesting that it is a useful maturity indicator for quantita-
tively assessing thermal maturity.
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4.6. Comparison of the distribution patterns of dinaphthofurans and
dibenzofurans

We compared the distributions patterns of the DNFs and di-
benzofurans (DBFs) to better understand the formation mechanism of
DNFs in the geosphere. The application of 4-MDBF/1-MDBF in evalu-
ating the maturity of source rocks and oils remains a controversial issue.
Radke et al. (2000) proposed that 1-MDBF is less stable than 4-MDBF
and suggested that the 1-MDBF/4-MDBF ratio can be used as a matu-
rity indicator. However, Li et al. (2011, 2018) found that 1-MDBF/4-
MDBF values have no obvious trend with increasing thermal maturity.
Fig. 8b shows a comparison of 1221DNF/1223DNF (DNFR) and 4-
MDBF/1-MDBF values to vitrinite reflectances. The 4-MDBF/1-MDBF
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values of the coals display a general decrease with the increase of
thermal maturity, which consists of two parts. No obvious regular trend
for 4-MDBF/1-MDBF with an increase of thermal maturity within the
range of %Ro = 0.46-0.77 was found. However, the 4-MDBF/1-MDBF
values of the coals gradually decrease with the increase of thermal
maturity after %Ro = 0.96, which is different from the observations
reported by previous studies (Radke et al., 2000; Li et al., 2011, 2018).
This suggests that thermal maturity is not the key factor controlling the
distribution of 1-MDBF and 4-MDBF. In contrast to the 4-MDBF/1-MDBF
ratios, the 1221DNF/1223DNF ratios of coals remain constant with %
Ro < 1.0, and then display a general increase with the increase of
thermal maturity. The result indicates that the behavior of MDBFs is
different from DNFs with increasing thermal maturity. This may be
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attributed to differences in their formation mechanisms.

Dibenzofuran and methyldibenzofurans are wuseful molecular
markers applied in reflecting sedimentary environment, assessing
organic matter type (e.g., Pu et al., 1991; Radke et al., 2000; Li et al.,
2013; Li and Ellis, 2015), and tracing oil migration orientation (Li et al.,
2011; Li and Ellis, 2015). However, the specific origins of DBFs in pe-
troleum and sedimentary rocks still remain controversial. Previous
studies suggested dibenzofurans may be derived from polysaccharides,
phenols, or ligneous plants (Born et al., 1989; Pastorova et al., 1994;
Sephton et al., 1999; Fenton et al., 2007). Radke et al. (2000) thought
dibenzofurans in sedimentary rocks may be derived from lichens.
However, laboratory experiments and geochemical observations
demonstrate dibenzofurans in sedimentary organic matter and petro-
leum have an origin from biphenyl compounds (Asif et al., 2010). We
combined the absolute concentrations of DBFs and DNFs with the Pr/Ph
values to investigate the formation conditions of DBFs and DNFs since
the Pr/Ph ratio is a widely used parameter to indicate redox condition of
depositional environment (Didyk et al., 1978; Hughes, 1995).

Fig. 10a showed that most coals with low Pr/Ph values (< 1.47) are
characterized by high absolute concentrations of DBFs (0.15-4.66 pg/g
Corg)- On the contrary, most of the samples have high Pr/Ph values
(2.13-10.3) and extremely low absolute concentrations of DBFs (<0.06
1g/g Corg). There is no clear relationship between the absolute DBFs
concentrations and Pr/Ph values of the coal samples. It has been pro-
posed that an oxic environment is conducive to the formation of DBFs (Li
and Ellis, 2015; Pu et al., 1991; Radke et al., 2000), which is inconsistent
with the observations of this study. However, DNFs behave differently
from DBFs with increasing oxic condition. The absolute DNFs concen-
trations exhibit an overall increase with increasing Pr/Ph values in the
coals from the Junggar Basin with %Ro < 0.76. This suggests that oxic
conditions contribute to the formation of DNFs at low thermal matu-
rities. Up to now, the formation mechanism of DNFs is not clear, but we
have preliminarily observed the difference of DBFs and DNFs under
different generating environment and their changes with increasing
maturity.

4.7. Origin of the dinaphthofurans in coals

The origin of DNFs in sedimentary organic matter remains a
controversial issue. Marynowski et al. (2009) suggested that DNFs may
be derived from combustion processes due to their significant concen-
trations in charcoal-bearing sedimentary sequences related to wide-
spread wildfires. High concentrations of DNFs were found in marine
black shales from the Holy Cross Mountains of Poland, which were
affected by hydrothermal oxidation (Marynowski et al., 2011). Inter-
estingly, a previous study documented that the concentrations of DNFs
in shales altered by hot aqueous fluids are extremely low (Grafka et al.,
2015). However, in our study, the coal samples collected in the Junggar
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Basin have significant concentrations of DNFs without the influence of
hydrothermal fluid alteration and combustion processes. Furthermore,
the concentrations of DNFs are very low in the coals from the Ordos
Basin, which were influenced by hydrothermal oxidation. These obser-
vations suggest that the formation of DNFs may not be significantly
controlled by hydrothermal oxidation and combustion processes.
Specially, most samples investigated by Marynowski et al. (2009, 2011)
had a low thermal maturity (< 0.59 %Ro), while those samples analysed
by Grafka et al. (2015) were highly mature (> 1.42 %Ro). This suggests
that the concentration of DNFs may be mainly controlled by thermal
maturity.

In this study, we investigated the relationship between absolute
DNFs concentrations and vitrinite reflectances to discuss the origin of
DNFs by the comparison of DBFs. The absolute concentrations of DBFs
are quite low (<0.07 pg/g Corg) in the coals with %Ro < 0.60, and then
follow a rapid increase at %Ro = 0.6-1.0, corresponding to the stage of
hydrocarbon generation (Fig. 11a). Interestingly, the absolute concen-
trations of DBFs rapidly decrease with the increase of thermal maturity
after %Ro = 1.0. This suggests that DBFs in sedimentary organic matter
may be generated during the diagenesis stage and are the intermediate
of forming more condensed aromatic hydrocarbons during high matu-
rity stage. However, with the increase of thermal maturity, the behavior
of DNFs is different from that of DBFs. DNFs are present in high absolute
concentrations in the coals with low thermal maturities (%Ro < 0.77).
With the increase in thermal maturity, the absolute concentrations of
DNFs generally decrease at high thermal maturity (%Ro = 0.96-1.88).
This indicates that the formation of DNFs probably occurred before the
early stage of catagenesis (< 0.77 %Ro). Thermal degradation may
cause the decrease of the DNFs concentrations after %Ro = 0.96. This
suggests that the DNFs may be derived from diagenetic and catagenetic
processes and are more likely degraded or transferred to other com-
pounds at high thermal maturity. Certainly, more work needs to be done
to better understand the formation mechanism of DNFs in the geosphere.

5. Conclusions

All six dinaphthofuran isomers have been firmly identified in these
coals through co-injection of their authentic standards. Judging from
these thermodynamic properties, the stability sequence of DNFs is as
follows: 1221DNF > 1212DNF > 1223DNF > 2123DNF > 2323DNF >
2112DNF. The DNF isomers are present in all coals in this study. The less
mature coals (%Ro < 1.08) contain 1223DNF as the dominant isomer
with low abundances of the other DNF isomers. The relative abundance
of 1221DNF compared to 1223DNF exhibits a general increase with the
increase of thermal maturity in high maturation stage (%Ro > 1.08). On
the basis of the theoretically calculated thermodynamic stabilities and
the distribution patterns of DNFs in the coals, a maturity indicator
1221DNF/1223DNF (defined as DNFR) is proposed, which is useful for
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maturity evaluation at high maturity stages. A preliminary calibration of
DNFR against the vitrinite reflectance was established as follows: %Rc =
1.27 x DNFR - 1.12 (for %Ro > 1.0) and the correlation coefficients is
up to 0.86. DNFs in coals may originate from diagenesis/catagenesis and
oxic condition contributes to their formation. This study helps us have a
better understanding of the occurrence and distribution patterns of
dinaphthofurans in sedimentary organic matter.
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