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ABSTRACT: Benzonaphthothiophenes (BNTs) were firmly identified
in coals by comparison with retention indices reported in the literature.
The thermodynamic stabilities of BNTs were calculated by quantum
chemical computations, and their stability sequence is as follows:
[2,1]BNT > [2,3]BNT > [1,2]BNT. The BNT isomers are ubiquitous in
coal samples from the Xihu Depression and the Ordos Basin. This study
reveals the effects of thermal maturity on the distributions of BNTs in
coals, where the relative abundances of [1,2]BNT and [2,3]BNT to
[2,1]BNT were observed to be mainly controlled by thermal maturation
conditions. Combining with theoretical calculations of thermodynamic
stability, two benzonaphthothiophene maturity indicators, defined as
BNTR-1 ([2,1]BNT/[2,3]BNT) and BNTR-2 ([2,1]BNT/([1,2]BNT +
[2,3]BNT)), were proposed. Two preliminary calibrations of BNTR-1
and BNTR-2 against measured vitrinite reflectance (%Ro) were
established, and the relationships are as follows: %Rc = 5.5 × BNTR-1/100 + 0.5 (%Ro >0.9) and %Rc = 15 × BNTR-2/100 +
0.5 (%Ro > 0.9), respectively. BNTR-1 and BNTR-2 have good correlations with the widely used molecular maturity parameters.
The good correlations with vitrinite reflectance and maturity parameters suggest that BNTR-1 and BNTR-2 are useful indicators in
evaluating the maturity for sedimentary organic matter at high levels of thermal stress. The accuracy of the BNT ratio ([2,1]BNT/
[1,2]BNT) must be kept in mind when it is used as a migration tracer of oil generated at a high thermal maturation stage. There is
no clear trend for the absolute concentrations of BNTs with increasing pristane/phytane and gammacerane/C30 hopane values,
suggesting that the redox conditions and water salinity during deposition may have little influence on the generation of BNTs. This
study can expand the understanding of the distribution and geochemical significance of complex sulfur-containing organic
compounds in sedimentary organic matter.
KEYWORDS: benzonaphthothiophene, quantum chemical calculation, stability, thermal maturity, coal

1. INTRODUCTION
Benzonaphthothiophenes are important organosulfur com-
pounds in coal tar, coal liquids, shale oils, sedimentary rocks,
and oils.1−4 Much work has been achieved on their
identification and occurrence in oils and application in tracking
oil migration.5−8 However, little is known about the
distribution, controlling factor, and geochemical significance
of benzonaphthothiophenes in sedimentary organic matter.
Two benzonaphthothiophene (BNT) isomers were first

detected in coal liquids and shale oils by gas chromatography−
mass spectrometry (GC−MS) analysis.2 All three benzonaph-
thothiophene isomers (BNTs), i.e., benzo[b]naphtho[2,1-
d]thiophene ([2,1]BNT), benzo[b]naphtho[1,2-d]thiophene
([1,2]BNT]), and benzo[b]naphtho[2,3-d]thiophene
([2,3]BNT), were identified by GC−MS.9,10 By co-injection
of authentic internal standards, Li et al.3 firmly identified three
benzonaphthothiophene isomers in lacustrine shales, marine
carbonates, and crude oils and reported their retention indices,
which now can be used in BNTs identification in other
laboratories. Benzonaphthothiophenes were detected in light

oils, condensates,5,7,11 and sedimentary rocks.12 However, less
work has been done on the distribution patterns of
benzonaphthothiophenes in coals.
There are few studies on the genesis and formation

mechanism of BNTs. Hughes13 suggested that some aromatic
compounds with thiophenic-type ring systems in kerogen are
probably precursors for thiophene compounds. Douglas and
Mair14 speculated that extra sulfur can be incorporated into the
organic compounds from sedimentary rocks due to the limited
amount of sulfur compounds in biomass. Hanson15 proposed
that the sulfur-containing compounds may be formed during
the thermal reaction between elemental sulfur and sedimentary
organic matter. Some literature suggested that the reaction
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between H2S (hydrogen sulfide) generated by sulfate reducing
bacteria with compounds in sediments can produce sulfur

polycyclic compounds in the diagenesis stage.16,17 Li et al.3

suggested that the BNTs do not have clear biological

Figure 1. Map showing well locations and sampling sites of coals in the Xihu Depression and the Ordos Basin.

Table 1. Geochemical Characteristics of the Coals from the Xihu Depression and the Ordos Basina

basin sampling site
sample
name formation type

TOC
(%)

Tmax
(°C)

Ro
(%)

HI
(mg HC/g TOC)

S1 + S2
(mg/g)

EOM
(mg/g Corg)

East China Sea
Basin

Xihu
Depression

A1-1 E2p core 39.0 428 0.64 288 118.4 103.6

A1-2 E2p cuttings 45.3 437 0.74 195 93.7 35.0
A1-3 E2p cuttings 58.6 457 0.88 192 124.2 16.9
A2-1 E2p cuttings 65.0 460 0.96 193 140.2 11.5
A3-1 E2p cuttings 37.1 461 1.00 120 50.1 52.8
B1-1 E2p cuttings 62.6 427 0.63 232 150.3 50.1
B1-2 E2p cuttings 39.2 430 0.69 244 100.8 92.7
C1-1 E2p core 38.1 433 0.67 366 143.3 95.0
C1-2 E2p core 61.0 433 0.70 356 235.7 133.5
C1-3 E2p cuttings 44.6 438 0.76 203 99.8 61.6
C2-1 E2p core 56.5 421 0.60 370 217.0 107.8
C2-2 E2p cuttings 57.3 429 0.62 194 130.2 120.7
D1-1 E2p core 74.5 437 0.74 212 167.5 160.5
D2-1 E2p cuttings 53.9 436 0.72 266 157.3 64.5

Ordos Basin Baode BDS24 C-P outcrop 68.6 444 0.62 246 170.8 74.3
BDS14 C-P outcrop 73.9 444 0.71 235 176.1 71.8

Linxian LXS11 C-P outcrop 77.9 444 0.77 239 192.4 78.2
LXS15 C-P outcrop 91.5 463 0.96 176 166.3 11.1
LXS8 C-P outcrop 71.2 455 1.03 194 139.3 17.4

Xingxian XXS10 C-P outcrop 74.3 440 0.73 278 209.0 69.1
Liulin LLS25 C-P outcrop 84.3 493 1.40 97.4 82.7 7.8

LLS5 C-P outcrop 75.1 489 1.27 96.9 75.6 15.1
Hancheng HCS1 C-P outcrop 80.7 498 1.66 62.9 51.7 2.7

HCS13 C-P outcrop 85.4 505 1.57 53.0 46.6 4.9
HCS4 C-P outcrop 83.8 501 1.88 48.8 41.9 4.8

Puxian PXS22 C-P outcrop 83.1 435 0.62 276 243.0 137.7
PXS6 C-P outcrop 84.3 444 0.63 230 203.8 88.7

Yaping YPS9 C-P outcrop 82.4 484 1.36 107 90.0 12.7
aTOC: total organic carbon; Tmax: temperature at maximum generation; Ro: vitrinite reflectance; HI: hydrogen index = S2 × 100/TOC; S1 + S2:
hydrocarbon generation potential; EOM: extractable organic matter.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.2c00309
ACS Earth Space Chem. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00309?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00309?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00309?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00309?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.2c00309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


T
ab
le

2.
A
bs
ol
ut
e
C
on

ce
nt
ra
tio

ns
of

B
en
zo
na
ph

th
ot
hi
op

he
ne
s
an
d
R
el
at
ed

Pa
ra
m
et
er
s
of

C
oa
ls
fr
om

th
e
X
ih
u
D
ep
re
ss
io
n
an
d
th
e
O
rd
os

B
as
in
a

sa
m
pl
e

na
m
e

Pr
/P

h
BN

T
R-
1

BN
T
R-
2

[2
,1
]B

N
T
/

[1
,2
]B

N
T

4-
M
D
BT

/
1-
M
D
BT

BN
T
s

(μ
g/
g
C

or
g)

M
D
BT

s
(μ
g/
g
C

or
g)

C
31
22
S/
(2
2S

+
22
R)

ho
pa
ne

C
29

ββ
/(

ββ
+

αα
)

st
er
an
e

F 2
M
PI
1

%
Rc

(M
PI
1)

G
/C

30
H

D
BT

/P

A1
-1

7.
41

5.
30

2.
22

3.
82

4.
01

0.
14

0.
82

0.
60

0.
28

0.
21

0.
48

0.
69

0.
07

0.
01

A1
-2

7.
91

2.
69

1.
34

2.
67

1.
93

2.
48

1.
16

0.
59

0.
32

0.
17

0.
30

0.
58

0.
06

0.
01

A1
-3

6.
53

7.
54

2.
79

4.
44

2.
71

0.
01

0.
04

0.
58

0.
44

0.
33

0.
77

0.
86

0.
05

0.
02

A2
-1

5.
69

7.
86

3.
47

6.
22

6.
14

0.
05

2.
14

0.
57

0.
51

0.
30

0.
52

0.
71

0.
02

0.
05

A3
-1

4.
95

9.
31

4.
14

7.
47

7.
78

6.
07

5.
25

0.
51

0.
46

0.
35

0.
82

0.
89

0.
17

0.
09

B1
-1

7.
91

3.
01

1.
24

2.
12

1.
13

1.
19

0.
51

0.
61

0.
28

0.
15

0.
26

0.
56

0.
06

0.
03

B1
-2

8.
82

3.
44

1.
41

2.
40

1.
39

1.
03

0.
67

0.
59

0.
24

0.
16

0.
30

0.
58

0.
04

0.
02

C
1-
1

7.
87

4.
11

1.
81

3.
25

2.
01

0.
19

0.
41

0.
61

0.
22

0.
14

0.
25

0.
55

0.
07

0.
04

C
1-
2

7.
80

5.
58

1.
55

2.
15

1.
56

0.
27

0.
42

0.
60

0.
26

0.
13

0.
27

0.
56

0.
07

0.
09

C
1-
3

6.
76

5.
45

2.
31

4.
01

2.
81

9.
28

1.
83

0.
59

0.
51

0.
26

0.
57

0.
74

0.
06

0.
01

C
2-
1

7.
34

2.
81

1.
15

1.
96

1.
33

0.
15

0.
40

0.
61

0.
32

0.
14

0.
24

0.
55

0.
06

0.
03

C
2-
2

7.
80

3.
33

1.
83

4.
07

2.
82

0.
92

0.
64

0.
59

0.
34

0.
19

0.
39

0.
64

0.
05

0.
02

D
1-
1

7.
85

3.
17

1.
08

1.
64

2.
60

0.
17

0.
68

0.
60

0.
30

0.
17

0.
33

0.
60

0.
05

0.
02

D
2-
1

8.
46

2.
79

1.
20

2.
10

2.
07

0.
60

0.
53

0.
60

0.
30

0.
14

0.
32

0.
59

0.
04

0.
04

BD
S2

4
0.
77

1.
39

0.
74

1.
60

1.
68

0.
34

0.
26

0.
58

0.
35

0.
25

0.
68

0.
81

0.
03

0.
06

BD
S1

4
0.
99

1.
37

0.
74

1.
63

1.
67

0.
37

0.
34

0.
59

0.
31

0.
26

0.
65

0.
79

0.
03

0.
06

LX
S1

1
1.
41

3.
98

1.
98

3.
93

5.
87

4.
36

4.
08

0.
62

0.
47

0.
28

0.
58

0.
75

0.
07

0.
11

LX
S1

5
1.
47

7.
05

3.
27

6.
10

4.
02

0.
86

0.
95

0.
59

0.
43

0.
31

0.
74

0.
84

0.
08

0.
08

LX
S8

0.
96

6.
53

3.
32

6.
74

5.
13

0.
68

0.
68

0.
58

0.
50

0.
31

0.
71

0.
83

0.
10

0.
05

XX
S1

0
2.
00

1.
42

0.
81

1.
88

1.
72

0.
85

0.
35

0.
60

0.
36

0.
27

0.
65

0.
79

0.
03

0.
02

LL
S2

5
1.
20

18
.6

7.
78

13
.4

39
.2

0.
94

1.
97

0.
56

0.
41

0.
44

1.
66

1.
40

0.
14

0.
06

LL
S5

1.
14

15
.0

6.
64

11
.9

29
.1

0.
36

0.
40

0.
56

0.
57

0.
44

1.
37

1.
22

0.
20

0.
06

H
C
S1

0.
77

19
.7

8.
14

13
.9

45
.7

1.
39

1.
51

0.
61

0.
45

0.
53

1.
25

1.
15

0.
15

0.
09

H
C
S1

3
0.
49

18
.8

7.
74

13
.2

47
.3

2.
32

2.
76

0.
59

0.
48

0.
51

1.
22

1.
13

0.
19

0.
10

H
C
S4

0.
70

21
.5

9.
23

16
.2

55
.1

0.
67

0.
98

0.
53

0.
45

0.
52

1.
40

1.
24

0.
20

0.
09

PX
S2

2
1.
40

2.
14

1.
18

2.
65

1.
87

0.
59

0.
40

0.
59

0.
48

0.
26

0.
68

0.
81

0.
04

0.
03

PX
S6

1.
10

3.
02

1.
68

3.
78

2.
09

0.
60

0.
45

0.
59

0.
50

0.
26

0.
65

0.
79

0.
05

0.
03

YP
S9

0.
73

16
.3

6.
69

11
.4

31
.1

2.
39

1.
05

0.
53

0.
41

0.
43

1.
39

1.
23

0.
22

0.
06

a
Pr
/P

h:
pr
ist
an
e/
ph

yt
an
e;

BN
T
R-
1:

be
nz
o[

b]
na
ph

th
o[
2,
1-

d]
th
io
ph

en
e/
be
nz
o[

b]
na
ph

th
o[
2,
3-

d]
th
io
ph

en
e;

BN
T
R-
2:

be
nz
o[

b]
na
ph

th
o[
2,
1-

d]
th
io
ph

en
e/
(b
en
zo
[b
]n
ap
ht
ho

[1
,2
-d
]t
hi
op

he
ne
+b

en
zo
-

[b
]n
ap
ht
ho

[2
,3
-d
]t
hi
op

he
ne
);

[2
,1
]B

N
T
/[
1,
2]
BN

T
:
be
nz
o[

b]
na
ph

th
o[
2,
1-

d]
th
io
ph

en
e/
be
nz
o[

b]
na
ph

th
o[
1,
2-

d]
th
io
ph

en
e;

4-
M
D
BT

/1
-M

D
BT

:
4-
m
et
hy
ld
ib
en
zo
th
io
ph

en
e/
1-
m
et
hy
ld
ib
en
zo
th
io
-

ph
en
e;

BN
T
s:

su
m

of
th
e
ab
so
lu
te

co
nc
en
tr
at
io
ns

of
be
nz
o[

b]
na
ph

th
o[
2,
1-

d]
th
io
ph

en
e,

be
nz
o[

b]
na
ph

th
o[
1,
2-

d]
th
io
ph

en
e,

an
d
be
nz
o[

b]
na
ph

th
o[
2,
3-

d]
th
io
ph

en
e;

M
D
BT

s:
su
m

of
th
e
ab
so
lu
te

co
nc
en
tr
at
io
ns

of
1-
,2
-,
3-
,a
nd

4-
m
et
hy
ld
ib
en
zo
th
io
ph

en
e;

F 2
:2

-M
P/

(1
-M

P
+
2-
M
P
+
3-
M
P
+
9-
M
P)
;M

PI
1:

1.
5

×
(2
-M

P
+
3-
M
P)
/(
P
+
1-
M
P
+
9-
M
P)
;%

Rc
(M

PI
1)
:c
al
cu
la
te
d
vi
tr
in
ite

re
fle
ct
an
ce

by
M
PI
1;

G
/C

30
H
:g

am
m
ac
er
an
e/
C

30
ho

pa
ne
;D

BT
/P

:d
ib
en
zo
th
io
ph

en
e/
ph

en
an
th
re
ne
.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.2c00309
ACS Earth Space Chem. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.2c00309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


precursors. Based on laboratory experiments, Kropp et al.18

suggested that Pseudomonas can produce the BNTs from
benzo[b]thiophenes. However, less work has been done on the
formation mechanism of BNTs in coals.
Some work has been accomplished on the geochemical

significance of BNTs. Li et al.7 proposed that absolute
concentrations of BNTs and benzo[b]naphtho[2,1-d]-
thiophene/(benzo[b]naphtho[2,1-d]thiophene + benzo[b]-
naphtho[1,2-d]thiophene) ([2,1]BNT/([2,1]BNT +
[1,2]BNT)) can trace the oil migration distance. Fang et al.6

successfully employed [2,1]BNT/([2,1]BNT + [1,2]BNT) to
track the migration orientations and filling pathways of oils in
carbonate reservoirs from the Tarim Basin. Yang et al.11 also
used the same parameter to trace oil migration orientations of
condensates and light oils into lacustrine clastic reservoirs of
the Beibuwan Basin. Panda et al.19 proposed a migration
indicator, namely, the BNT ratio ([2,1]BNT/[1,2]BNT), and
used it to track oil migration in Saudi Arabian fields.
Subsequently, the BNT ratio was successfully applied in
mapping migration pathways and constructing filling sequences
of oil fields, in comparison with benzocarbazoles.5,8 However,
the effect of thermal maturity on the distributions of BNTs is
not clear, which may cause some problems in the applicability
of BNTs to track migration pathways if the thermal history is
not well constrained and when dealing with samples of variable
thermal maturities.
In this paper, three BNT isomers were firmly identified in

coals by comparison with the retention indices reported in the
literature. The thermodynamic stabilities of BNT isomers were
determined by density functional theory (DFT) calculations.
We described the distribution patterns of BNTs in coals from
the Xihu Depression (East China Sea Basin) and the Ordos
Basin in China. The effects of thermal maturity on the
distributions of BNTs and their geochemical application are
discussed.

2. GEOLOGIC SETTING AND SAMPLES
The East China Sea Basin, at the edge of the eastern China, is
the largest petroliferous basin in offshore China (Figure 1a). It
is a Mesozoic−Cenozoic back-arc rift basin created by
upwelling of the back-arc deep material and asthenosphere
rise.20−22 The Xihu Depression, located in the northeast of the
East China Sea Basin, is an important hydrocarbon-producing
depression with an area of approximately 5.9 × 104 km2

(Figure 1c). Previous studies have basically agreed that the
Pinghu Formation (E2p) coal measures are the primary source
rocks.23−26 The source rocks in the Pinghu Formation are
composed of mudstones, carbonaceous mudstones, and
coals.24,27 The E2p was mainly developed in a lacustrine-
swamp depositional environment.26,28 Fourteen coals were
collected from the Pinghu Formation in the Xihu Depression.
The total organic carbon (TOC) content ranges from 37.1 to
74.5% (Table 1). The hydrocarbon generation potential (S1 +
S2) varies from 50.1 to 235.7 mg/g. The hydrogen index (HI)
is in the range of 120−370 mg HC/g TOC, corresponding to
type II−III kerogen based on the hydrogen index versus Tmax
(°C) plot. Rock-Eval Tmax is widely used to assess thermal
maturity, although it is known to be affected by many factors.29

The coals studied in this study have vitrinite reflectance (%Ro)
values of 0.60−1.00 %Ro and have Tmax values of 421−461
°C, indicating that the samples are low mature to mature
(Table 1). The pristane/phytane (Pr/Ph) values of the coals
are high with a range of 4.95−8.82, consistent with their

depositional environments and relatively low thermal matur-
ities (Table 2).
The Ordos Basin is located in North-Central China with an

area of 37 × 104 km2 and is the second largest sedimentary
basin in China. Many large gas fields have been discovered in
the upper Paleozoic strata (Figure 1b).30−32 The consensus has
been reached that the natural gases in the upper Paleozoic
reservoirs originate from Carboniferous−Permian coal meas-
ure source rocks.33−35 The sedimentary environment of
Carboniferous−Permian source rocks were marine−terrestrial
transitional facies, and their lithology are mainly coals,
mudstones, and carbonaceous mudstones.36 Fourteen coal
samples from this basin were sampled in the Carboniferous−
Permian formations. The TOC content and hydrocarbon
generation potential (S1 + S2) of the coals exhibit a wide range
of values, from 68.6 to 91.5% and 41.9 to 243.0 mg/g,
respectively. Hydrocarbon index (HI) values of the coal
samples are in the range of 48.8−277 mg HC/g TOC (Table
1). The plot of HI vs Tmax shows that most of the coal
samples are type II−III kerogen. Tmax and vitrinite reflectance
values of the coal samples are in the range of 435−505 °C and
0.62−1.88 %Ro, respectively (Table 1). The coal samples have
low Pr/Ph values of 0.49−2.00 (Table 2).

3. METHODS
3.1. Experimental Methods. The coal samples were

crushed to <80 mesh (0.2 mm) in diameter. Rock-Eval
pyrolysis was carried out on the OGE pyrolysis apparatus,
yielding results similar to the traditional Rock-Eval pyrolysis
analyzer.37,38 Before analysis, contaminants and carbonates
were removed from the coals by deionized water and
hydrochloric acid, respectively. Then, the LECO CS-230
carbon/sulfur analyzer was used to obtain TOC content. The
vitrinite reflectance values of coals were measured on a Leica
Model MPV-SP microscopic photometer on the basis of the
method of Kilby.39

To extract soluble organic matter, the powder coals were
processed for 48 h in a Soxhlet apparatus using 400 mL of
dichloromethane/methanol (93:7, v:v). Asphaltenes were
removed from the extracts by precipitation using petroleum
ether and then fractionated into saturated, aromatic, and resin
fractions by liquid chromatography using alumina/silica gel
column. The elution solvents used were, respectively,
petroleum ether, dichloromethane:petroleum ether (2:1, v:v),
and dichloromethane:methanol (93,7, v:v). The analyses of
aromatic fractions were carried out on an Agilent 6890 gas
chromatography coupled to 5975i MS equipped with a HP-
5MS column (60 m × 0.25 mm i.d., 0.25 μm film thickness).
The gas chromatography−mass spectrometry (GC−MS)
operating conditions were as follows: initial temperature was
kept at 80 °C for 1 min, then raised to 310 °C at 3 °C/min,
and finally held isothermal for 16 min. Helium was the carrier
gas, and the temperature of injector was set at 300 °C. The
mass spectrometry was used in electron impact (EI) mode
with ionization energy of 70 eV and a scan range of 50−600
Da.
3.2. Quantification of Aromatic Compounds. Prior to

GC−MS analysis, a known amount of perdeuterated
phenanthrene (phenanthrene-d10) was added to the aromatic
hydrocarbon fraction samples, which was identified in m/z 188
mass chromatogram. The peak area of methyldibenzothio-
phenes (MDBTs) and BNTs can be determined on the m/z
198 and m/z 234 mass chromatograms, respectively.
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4. RESULTS AND DISCUSSION
4.1. Identification of Benzonaphthothiophenes. Ben-

zonaphthothiophenes have been detected in coal liquids, shale
oils, shales, marine carbonates, and oils.2,3,5,6,11,12 The
occurrence of benzonaphthothiophenes in coals have been
rarely detected. In this study, benzonaphthothiophenes were
unequivocally identified in coals by comparison with retention
indices reported in previous studies. In order to compare the
retention behaviors of compounds on different chromato-
graphic columns, the retention index system has been
used.40,41 The retention index (I) markers for temperature-
programmed GC conditions for polycyclic aromatic com-
pounds are a series of aromatic hydrocarbons with different
ring numbers, which are benzene (I = 100), naphthalene (I =
200), phenanthrene (I = 300), and chrysene (I =
400).10,37,38,42 According to the equation proposed by
Vassilaros et al.,10 we accurately calculated the retention
indices of benzonaphthothiophenes. The elution order of the
benzonaphthothiophenes is determined as follows: [2,1]BNT,
[1,2]BNT, [2,3]BNT (Figure 2), which is in agreement with

previous studies.3,6,9,10 Retention indices for these three
benzonaphthothiophene isomers on the HP-5MS column in
the present study show good agreement with those reported in
the literature (Table 3).3,9,10 Therefore, benzonaphthothio-
phenes were firmly assigned in the coals.

4.2. Thermodynamics of Benzonaphthothiophenes.
At present, density functional theory (DFT) calculation has
become a powerful tool to gain better insight into the
molecular level phenomena in geochemistry.38,43−45 All the
DFT calculations of thermodynamic properties, such as Gibbs
free energy (ΔG), internal energy (ΔU), electron energy (ΔE),
and enthalpy (ΔH) were conducted by using the Gaussian 09
program.38,43 The molecular structures were fully optimized at
the B3LYP/6-311++G (d,p) level of theory.38,43

The calculation of thermodynamic properties for BNT
isomers indicates that [2,1]BNT is the most stable isomer with
the lowest energy, followed by [2,3]BNT. The [1,2]BNT has
the highest energy and signifies the least thermodynamic
stability (Table 4). Thus, the thermodynamic stability of

benzonaphthothiophenes follows the following order:
[2,1]BNT > [2,3]BNT > [1,2]BNT (Table 4). The previous
literature reported that the differences in the thermodynamic
stabilities and Gibbs free energies for individual isomers of
polycyclic aromatic compounds are mainly the result of steric
hindrance.38,43,46 Steric hindrance causes thermodynamic
instability due to the presence of the naphthalene and benzene
rings at the thiophene ring with different substitution positions
(Figure 3). With regard to [1,2]BNT, these angles between the
naphthalene ring, benzene ring, and thiophene ring are severely
deformed from the ideal 120° (Figure 3a). This causes the
increase of total energy and makes it unstable. However, for
[2,1]BNT and [2,3]BNT, these corresponding angles are less
deformed, resulting in the decrease of total energy and
instability. Significantly, the lone paired electrons of the sulfur
atom are able to form a hydrogen bond with the hydrogen
atom of the naphthalene ring at C-1, which makes it the most
stable isomer. The bond length of H···S is 2.830 Å, which is
within the range of the hydrogen bond. Li et al.47 suggested
that the hydrogen bond (2.970 Å) between the oxygen atom in
4-methyldibenzofuran and the hydrogen atoms of methyl can
readily form.
4.3. Effects of Maturity on Distribution Patterns of

Benzonaphthothiophenes. In this paper, benzonaphtho-

Figure 2. Identification of benzonaphthothiophene isomers in mass
chromatograms (m/z 234) in the coals.

Table 3. Retention Indices of Benzonaphthothiophenesa

reference (HP-5MS)3
coal, Ordos Basin

(HP-5MS)
coal, Xihu Depression

(HP-5MS)

compounds tR I tR I tR I identification

phenanthrene 41.874 300.00 41.660 300.00 41.597 300.00 phenanthrene
benzo[b]naphtho[2,1-d]thiophene 60.431 389.91 60.199 389.59 60.132 389.52 benzo[b]naphtho[2,1-d]thiophene
benzo[b]naphtho[1,2-d]thiophene 61.045 392.89 60.859 392.78 60.816 392.83 benzo[b]naphtho[1,2-d]thiophene
benzo[b]naphtho[2,3-d]thiophene 61.638 395.76 61.445 395.61 61.405 395.67 benzo[b]naphtho[2,3-d]thiophene
chrysene 62.517 400.00 62.353 400.00 62.298 400.00 chrysene

atR:retention time; I: retention index. Retention indices of benzonaphthothiophenes according to Li et al.3

Table 4. Thermodynamic Properties of
Benzonaphthothiophenesa

isomer
ΔE

(kcal/mol)
ΔU

(kcal/mol)
ΔH

(kcal/mol)
ΔG

(kcal/mol)

[2,1]BNT 0.00 0.00 0.00 0.00
[2,3]BNT 2.01 2.00 2.00 2.00
[1,2]BNT 3.49 3.57 3.57 2.79

a[2,1]BNT: benzo[b]naphtho[2,1-d]thiophene; [2,3]BNT: benzo-
[b]naphtho[2,3-d]thiophene; [1,2]BNT: benzo[b]naphtho[1,2-d]-
thiophene.
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thiophenes were identified in the coals from the Xihu
Depression and the Ordos Basin. Figure 4 illustrates the
distribution characteristics of the benzonaphthothiophenes in
coal samples with various thermal maturities. For coals at low
levels of thermal stress (≤0.7%Ro), the contents of [1,2]BNT,
[2,1]BNT and [2,3]BNT are all low (Figure 4a). Interestingly,
the more mature (= 0.7−1.4%Ro) coals contain [2,1]BNT as
the dominant compound, while [1,2]BNT and [2,3]BNT
occur in low abundance (Figure 4b,c), which is consistent with
the results of previous studies.48−50 Furthermore, for coals with
high thermal maturities (>1.4%Ro), the abundance of
[2,1]BNT is high and significantly higher than that of
[1,2]BNT and [2,3]BNT (Figure 4d). Coincidentally, the
distribution characteristics of BNTs in the highly mature shales
with %Ro > 1.4 are similar to that in the coals with high
thermal maturities.12 Obviously, compared with [2,1]BNT, the
relative amounts of [2,3]BNT and [1,2]BNT show overall
decreases with the increase of thermal maturity. On the basis of
the distribution characteristics of BNTs in the coals, the
concentration of [2,1]BNT relative to [2,3]BNT and
[1,2]BNT is obviously affected by thermal maturity. We can
reasonably suggest that thermodynamic stability of [2,1]BNT
is higher than that of [2,3]BNT and [1,2]BNT, which is in
agreement with the stability order calculated by DFT.
According to theoretical calculations and geochemical data,

we propose two thermal maturity parameters of BNTs in this

study, which are BNTR-1 ([2,1]BNT/[2,3]BNT) and BNTR-
2 ([2,1]BNT/([1,2]BNT + [2,3]BNT)). Figure 5 shows that
BNTR-1 and BNTR-2 values both exhibit overall increases
with increasing thermal maturity. For the coals with %Ro =
0.6−0.8, BNTR-1 and BNTR-2 both keep low values, which
are nearly constant. Interestingly, BNTR-1 and BNTR-2 values
obviously increase with the increasing thermal maturity at high
thermal maturities with %Ro > 0.9. Previous studies proposed
the distribution patterns of polycyclic aromatic compounds are
thermodynamically controlled at high thermal maturity and
kinetically controlled at low thermal maturity.51,52 The
increases of BNTR-1 and BNTR-2 values suggested an
increase in the content of the more stable isomer
([2,1]BNT) and decreases in the contents of less stable
isomers ([1,2]BNT and [2,3]BNT) after the oil generation
peak (>0.9%Ro). This can be attributed to the formation
mechanism of BNTs. The less stable isomers ([1,2]BNT and
[2,3]BNT) due to their lower initial formation enthalpy are
ready to be formed at low maturity.38,43,53 With increasing
thermal maturity, the less stable isomers ([1,2]BNT and
[2,3]BNT) may be degraded or probably transform into other
more condensed compounds. Thus, the abundance of
[2,1]BNT relative to [1,2]BNT and [2,3]BNT displays an
overall increase with increasing thermal maturity. Figure 5
shows that BNTR-1 and BNTR-2 have good linear relation-

Figure 3. Optimized geometries of (a) [1,2]BNT, (b) [2,1]BNT, and
(c) [2,3]BNT. Figure 4. Effects of thermal maturity on the distributions of

benzonaphthothiophenes for the coals.
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ships with the measured vitrinite reflectance (%Ro = 0.96−
1.88). We preliminarily established the calibrations of BNTR-1
and BNTR-2 against %Ro, and the specific relationships are: %
Rc = 5.5 × BNTR-1/100 + 0.5 (%Ro > 0.9) and %Rc = 15 ×
BNTR-2/100 + 0.5 (%Ro > 0.9) with related coefficients (R2)
up to 0.92. This indicates that BNTR-1 and BNTR-2 are good
maturity indicators at high levels of thermal stress.
4.4. Correlations between BNTR-1, BNTR-2, and

Other Maturity Indicators. The C31 22S/(22S + 22R)
hopane is useful as a thermal maturity parameter for immature
to low mature range, where values ranging from 0.57 to 0.62
indicate that the oil window has been reached.54,55 Seifert and
Moldowan56 proposed C29 ββ/(ββ + αα) sterane as a valid
maturity parameter for immature to mature range, which
achieves equilibrium at 0.67−0.71. As we can see from Figure
6a,b, BNTR-1 and BNTR-2 ratios increase with increasing
thermal maturity and even C31 22S/(22S + 22R) hopane
values achieve the equilibrium (0.57−0.62). The BNTR-1 and
BNTR-2 ratios keep nearly low constant values at C29 ββ/(ββ
+ αα) sterane = 0.22−0.36. BNTR-1 and BNTR-2 ratios show
an increase with C29 ββ/(ββ + αα) sterane = 0.41−0.57

(Figure 6c,d). Interestingly, for the coals with vitrinite
reflectance > 1.0%Ro, the C29 ββ/(ββ + αα) sterane ratios
are in the range of 0.41−0.57, which do not reach the
equilibrium (0.67−0.71). Peters et al.57 suggested that high
thermal maturity may cause the C29 ββ/(ββ + αα) sterane
values to decrease, which may be the reason for the
phenomenon observed here. The change trend is similar to
the variation tendency of BNTR-1 and BNTR-2 values with
increasing %Ro values. Compared with the C31 22S/(22S +
22R) hopane and the C29 ββ/(ββ + αα) sterane ratios, the
BNTR-1 and BNTR-2 have a wider range of application as a
thermal maturity indicator.
Kvalheim et al.58 proposed that the methylphenanthrene

(MP) distribution fraction (F2 = 2-MP/(1-MP + 2-MP + 3-
MP + 9-MP)) can be a useful maturity indicator. The
methylphenanthrene index (MPI1) was a widely used maturity
parameter for organic matter, and the calculated vitrinite
reflectance (%Rc (MPI1)) can be determined according to the
equation proposed by Radke.59 As can be seen from Figure 7,
BNTR-1 and BNTR-2 values both show an overall increase
with the increase of F2, MPI1, and %Rc (MPI1) values, which

Figure 5. Cross plots showing correlations between vitrinite reflectance (%Ro) vs (a) BNTR-1, (b) BNTR-2 of the coals.

Figure 6. Cross plots showing correlations of C31 22S/(22S + 22R) hopane and C29 ββ/(ββ + αα) sterane vs BNTR-1 and BNTR-2 of the coals.
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contain two parts. The BNTR-1 and BNTR-2 values keep
nearly low constant values at F2 = 0.13−0.28, MPI1 = 0.24−
0.68, and %Rc (MPI1) = 0.54−0.89. However, BNTR-1 and
BNTR-2 values then generally increase with the increase of F2,
MPI1, and %Rc (MPI1) values (F2 > 0.3, MPI1 > 0.7, and %Rc
(MPI1) > 0.9) at high maturity stage. The results are similar to
the change trend of BNTR-1 and BNTR-2 values with
increasing vitrinite reflectance. Thus, BNTR-1 and BNTR-2
show good relationships with the widely used thermal maturity

indicators, illustrating that they are useful maturity indicators
at high thermal maturity stage.
4.5. Comparison of the Distribution Patterns of

Benzonaphthothiophenes and Methyldibenzothio-
phenes. In order to gain a better insight into the formation
mechanism of the BNTs, we compared the distributions of the
BNTs and methyldibenzothiophenes (MDBTs). The methyl-
dibenzothiophene ratio (MDR = 4-MDBT/1-MDBT) has
been widely used as an effective indicator of maturity.7,60−62

Figure 7. Cross plots showing correlations of F2, MPI1, and %Rc (MPI1) vs BNTR-1 and BNTR-2 of the coals.

Figure 8. Cross plots showing correlations of vitrinite reflectance (%Ro) vs (a) 4-MDBT/1-MDBT and (b) [2,1]BNT/[1,2]BNT of the coals.
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The BNT ratio ([2,1]BNT/[1,2]BNT) was widely used in
tracking oil migration.5,8,19 We compared the [2,1]BNT/
[1,2]BNT and 4-MDBT/1-MDBT ratios with the increasing
vitrinite reflectance. The 4-MDBT/1-MDBT values gradually
increase with the increase of vitrinite reflectance with %Ro >
0.6, which is consistent with the phenomenon reported by the
previous literature.7,62,63 However, the 1-MDBT concentration
in high mature coals with %Ro > 1.2 are very low, resulting in
the MDR values of >30 (Figure 8a). Therefore, we should be
cautious about the accuracy of the MDR ratio when it is
applied to estimate the maturity at high thermal stress.63

However, the concentrations of [2,1]BNT, [1,2]BNT, and
[2,3]BNT are comparable in the highly mature coals, resulting
in BNTR-1 and BNTR-2 values of 15.0−21.5 and 6.64−9.23,
respectively. Therefore, the BNTR-1 and BNTR-2 may be
more suitable for maturity evaluation during high thermal
maturity stage. Significantly, [2,1]BNT/[1,2]BNT values keep
nearly low constant values with %Ro < 0.9 and then show a
gradual increase with increasing vitrinite reflectance after %Ro
= 0.9 (Figure 8b). Li et al.7 reported that the thermal maturity
does not alter the BNT migration ratio for oils generated
within the main oil window, which agrees with the
phenomenon of this study. Similarly, Arouri and Panda5

suggested that the variations in BNTs were ascribed to
migration fractionation in an oil system of low thermal

maturity (0.78−0.84 %Ro). This result shows that thermal
maturity has little effect on the BNT ratio at low thermal
maturity, and this parameter is suitable for tracking oil
migration during the main oil generating window. However,
thermal maturity can have marked effects on the BNT ratio at
high maturity stage. Therefore, we should be cautious in
applying this parameter in tracing oil migration in fluids of
higher maturities.
In this study, in order to compare the differences between

benzonaphthothiophenes and methyldibenzothiophenes, the
BNT and MDBT absolute concentrations, pristane/phytane
ratio (Pr/Ph), gammacerane/C30 hopane (G/C30H), and
dibenzothiophene/phenanthrene (DBT/P) were investigated
(Table 2). The Pr/Ph is an effective indicator for redox
conditions in the deposition process.54,64 The high G/C30H
ratio can often be traced to hypersaline depositional environ-
ments.65 The DBT/P can be used to assess the availability of
reduced sulfur for incorporation into organic matter during
deposition.66 The sedimentary environment with a higher
DBT/P ratio generally has higher total sulfur content.66 No
clear trend for the absolute concentrations of MDBTs with
increasing Pr/Ph and G/C30H ratios was found (Figure 9a,b).
Previous studies suggested that an anoxic environment
contributes to the generation of MDBTs,67,68 which is not
consistent with the result observed in this paper. The salinity of

Figure 9. Cross plots showing correlations of Pr/Ph, G/C30H, and DBT/P vs the absolute concentration of MDBTs and BNTs of the coals.
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the water during deposition has little influence on the
formation of MDBTs. Similarly, with the increase of Pr/Ph
and G/C30H values, the absolute BNT concentrations also
show no obvious regular change trend (Figure 9d,e). These
results suggest that redox conditions and water salinity during
deposition may not be the significant controlling factor for the
variations observed in the BNTs. However, the absolute
concentrations of MDBTs and BNTs both display an overall
increase with increasing DBT/P values (Figure 9c,f). This
indicates that the sedimentary environment, having high
availability of reduced sulfur for incorporation into organic
matter or high total sulfur content, is likely more beneficial to
the generation of BNTs and MDBTs. Although we did not
make the formation mechanism of BNTs clear in this paper,
the similarities of MDBTs and BNTs under different formation
environments and their behaviors with increasing thermal
maturity have been preliminarily observed.

5. CONCLUSIONS
All three benzonaphthothiophene isomers were unequivocally
identified in coals by comparison with the retention indices
reported in the previous literature. Judging from the
thermodynamic properties, the stability of BNTs is in the
following order: [2,1]BNT > [2,3]BNT > [1,2]BNT. For the
coals with %Ro < 0.7, the concentrations of BNT isomers are
low. The abundance of [2,1]BNT relative to [1,2]BNT and
[2,3]BNT shows an overall increase with increasing thermal
maturity during high maturity stage (%Ro > 0.9). According to
distributions of BNTs and calculated stabilities, two maturity
indicators, i.e., BNTR-1 ([2,1]BNT/[2,3]BNT) and BNTR-2
([2,1]BNT/([1,2]BNT + [2,3]BNT)), were proposed, which
are valuable for maturity assessment during high maturity
stage. Two calibrations of BNTR-1 and BNTR-2 against
measured vitrinite reflectance were preliminarily established,
which are %Rc = 5.5 × BNTR-1/100 + 0.5 (%Ro > 0.9) and %
Rc = 15 × BNTR-2/100 + 0.5 (%Ro > 0.9). BNTR-1 and
BNTR-2 have good correlations with the widely used
molecular maturity parameters. Caution should be exercised
when the [2,1]BNT/[1,2]BNT ratio is applied to trace the
migration of oil during high maturity stage. The redox
conditions and water salinity during deposition have little
effect on the formation of BNTs. This study broadens the
current understanding of the occurrence and distributions of
benzonaphthothiophenes in sedimentary organic matter.
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