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ABSTRACT

Molecular-level characterization of sulfur-containing compounds has aroused much concern due to their rela-
tively high abundance, sedimentary environment judgment and application at maturity. In this paper, saline
lacustrine immature oils and freshwater lacustrine mature oils from the Dongying Depression (Bohai Bay Basin)
were characterized by positive-ion electrospray ionization [(+) ESI] Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR MS). The saline lacustrine oils are dominated by Cy-DBE;, C39-DBE;, and C40-DBE3
which contain carbon skeletons of phytol, squalene and B-carotane respectively, denoting a genetic relationship
between organosulfur compounds (OSCs) and their precursors. The precursors of C19-Caz and Ca6-C3p with DBE
= 5 are derived from short-chain steranes and regular steroids, and their different contents can reflect the
biological sources. The ratios of Cz0/(C19 + C21)-DBE;-S1, C40/(C39 + C41)-DBE3-S1, C30/C10.55-DBE;1-S1 and Coy.
29/C10.55-DBEs-S; are sensitive to organofacies, which are the first time used for oil-oil correlation. The novel
maturity indices are based on the general process of thermally induced cyclization and aromatization of hun-
dreds to thousands of OSCs from immature to mature oils. The high coefficient of correlations between the newly
developed maturity parameters (DBE¢ 16/DBE12.5-S1, C35.60/C10-35-DBE1.17-S1) with Ts/(Ts + Tm) and Cgo-
sterane app/(aoo + ofp) show that these utilities for assessing precisely the thermal maturity of lower maturity
oils. The positive-ion ESI FT-ICR MS index has essential application prospects for organic input analysis, maturity
evaluation, and oil-oil correlation.

1. Introduction

react with the biopolymers and precursor molecules, or may enter the
condensation crosslinking reaction to form sulfur-containing macro-

Sulfur is abundant in bitumens and crude oils; the total sulfur content
varies from less than 0.05 % to 14 % by weight, but many crude oils
contain less than 4 % sulfur [1,2]. Sulfur enrichment of organic matter
may occur in the early diagenesis of sediments by quenching functional
groups of hydrocarbons [3-5]. Sulfur is incorporated into the hydro-
carbon functional groups intermolecularly to form macromolecular
substances [6,7], and intramolecular sulfidation is another pathway to
form OSCs [8]. The position of sulfur corresponds to the position of
functional groups in precursor lipid molecules [9-13]. The result is that
the information of precursor molecule will be preserved during
diagenesis, which makes OSCs become the carrier of paleoenvir-
onmental information. The formation of sulfur compounds will undergo
geological changes such as burial or uplift, recording the thermal evo-
lution history [14-18].

According to the different depositional environments, sulfur may

molecular compounds [19-21]. OSCs are inherited from kerogen and
asphalt macromolecules and are usually more stable than their pre-
cursors [22-24]. There are many specific structures in the formation of
OSCs, and their occurrence is primarily determined by environmental
conditions [12,13,25-27]. Although thousands of OSCs with large mo-
lecular diversity are also reported in sediments, their indicative signif-
icance was not well investigated. Therefore, in this paper, the existence
and formation of these compounds are applied as indicators for the
geological environment. Biomarker maturity parameters can be re-
flected in different and restricted maturity ranges and can be used to
estimate the maturity of crude oil relative to the oil window [28].
However, it is impossible to use classical biomarker ratios/parameters
for special mature samples [28]. The non-biomarker maturity parame-
ters cover a wider range of maturity [29]. Many scholars use NSO
macromolecular compounds to establish maturity indicators [30,31],
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Fig. 1. Comprehensive geologic map of Dongying Depression. (a) Location of Bohai Bay Basin. (b) Dongying Depression. (c) Geological map of the study area. (d)

Structural section and structural unit division in the Dongying Depression.

which have different discriminant parameters in different regions.
However, these indicators are unsuitable for low mature oil in the study
area. Unlike most commonly used maturity parameters, the novel pa-
rameters proposed are based on double bond equivalent (DBE) and
carbon number.

Gas chromatography-mass spectrometry (GC-MS) is a common
analytical and testing technology for organic sulfur compounds. For
most geological samples, the content of organic sulfur compounds is
often lower than that of other aromatic components (such as naphtha-
lene and phenanthrene series), which will cover some organic sulfur
compounds (OSCs) and lead to undetectable or rarely detectable OSCs
by GC/MS [32]. Fourier-transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS) combined with Electrospray ionization (ESI)
should be used to obtain information from resin and asphaltine fractions
regardless of whether the oil contains high or low sulfur compounds in
aromatic fraction [33]. ESI FT-ICR MS is a recently developed powerful
technique for characterizing organic sulfur compounds, especially those
with high molecular weight in petroleum [34]. ESI FT-ICR MS has been
used for petroleum geology applications based on its ultra-high
resolving power and mass accuracy [35]. The combination of double
bond equivalent (DBE) and molecular formula can be used to determine
the specificity of some sulfur compounds in crude oil [36]. The con-
struction and reliable application of maturity indices and oil-oil corre-
lation are of great significance in petroleum exploration, but predicting
maturity at a molecular level is still a major challenge. In this study,
positive-ion ESI FT-ICR MS combined with GC-MS was used to inves-
tigate the composition and distribution of sulphur compounds in saline/
freshwater lacustrine oils of different maturity in the Dongying
Depression of the Bohai Bay Basin, and then the maturity and sedi-
mentary environment influence on the OSCs were evaluated. Finally,
The geochemical significance and genetic mechanism of OSCs were
discussed.

2. Geological setting

The Bohai Bay Basin, located in the eastern part of China, is a
Mesozoic Cenozoic fault basin developed on the North China Craton
[37,38]. The Dongying Depression in the southeastern part of the Bohai
Bay Basin is a typical lacustrine sub-basin containing abundant petro-
leum (Fig. 1a) [39]. Dongying Depression is bounded to the east by the
Qingtuozi and Guangrao Uplift, to the west by the Qingcheng-Binxian
Uplift, to the north by the Chenjiazhuang Uplift, and to the south by
the Luxi Uplift (Fig. 1b). Dongying Depression is divided into Minfeng
sag, Lijin sag, Niuzhuang sag and Boxing sag by several normal faults
and central uplift belt [40,41]. Many asymmetric dustpan-like faulted
depressions characterize Dongying Depression, and Paleogene is divided
into Dongying Formation (Ed), Shahejie Formation (Es), and Kongdian
Formation (Ed) from top to bottom (Fig. 1d) [42]. The Shahejie For-
mation can be further subdivided into Es; member, Es; member, Es;3
member, and Es4 member. The tectonic evolution of the basin experi-
enced the syn-rift stage and post-rift stage [43]. The lower Es3 and upper
Es4 layers are produced during the expansion, rapid subsidence and
contraction phases of the syn-rifting stage. The Shahejie (Es) Formation
contains prominent reservoir-producing layers and two main sets of
source rocks, including the Es3 and Es4; members [44-46]. The burital
history of the area studied can be refered in Supplementary Fig. S1.

The targeted oil in the study area is mainly Niuzhuang sag and the
central uplift belt in Dongying Depression (Fig. 1c¢), which came from
two distinct sedimentary facies: saline lacustrine in the Es4 member and
freshwater lacustrine in the Es3 member [44,45].

3. Samples and methods

Two different types of oils were studied (Table 1): the first type of
crude oil was collected from Es4 member of Shahejie Formation in the
South Slope of the Niuzhuang Sag (SSNS) of the Dongying Depression;
the second type of crude oil was collected from Es3 member of Shahejie
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Table 1

Basic characteristics of crude oil from the Dongying Depression.

DBT/P Rcl Rc2

Tri/H

C35/C34H

CyH  Ts G/CaoH

Caoafip
0.43
0.45
0.37
0.30
0.24
0.32

nCa/nCs, Ca9 20S

Ph/nC;g

Pr/nC,;

Strata Depth (m) Pr/Ph CPI OEP

Well

Location

0.63
0.65
0.60
0.59
0.80
0.69

0.69
0.70
0.67
0.72
0.80
0.73

0.10

0.075

0.60
0.58
0.63
0.97
0.66
1.22

0.07
0.08
0.08
0.92
0.75
0.90

0.54
0.57
0.36
0.34
0.25
0.33

0.58
0.58
0.59
0.57
0.55
0.55

0.51
0.52
0.45
0.34
0.21
0.36

0.86
0.73
1.04
1.57
1.56
0.89

0.65
0.67
0.86
3.48
6.70
2.79

0.57
0.59
1.04
1.22
1.88
1.20

1.11
1.09

1.08
1.08
1.20
0.98
0.96
0.96

1.05

Eso 2321.1-2350.9
2453.4-2455.6

H10-C8
S8X41
T76

CU

0.09

0.079
0.090
0.108
0.169
0.117

1.06
1.49

0.

Es;

0.12
0.52

1.13
0.92
0.93
0.95

3340.5-3461

Esy

38

1678-1674.8
1810-1904

2380

Esg
Esy

G6-22

Yx3

SSNS

0.39

0.45
0.38

0.36

Esy

G9-19

Note: CU: the Central Uplift; SSNS: South slope of the Niuzhuang sag; Pr/Ph: pristane/phytane; CPI: [(Ca5 + C27 + Ca9 + C31 + C33)/(C26 + C2g + C30 + Cs2 + C34)+(Cas + Ca7 + Ca9 + C31 + C33)/(Ca4 + Ca6 + Cag + C30 +

C32)1/2; OEP: (C; + 6 Ci; 2 + Ci14)/(4 Ciy1 + 4 Ci3) or (4Ci1 + 4 Ciy 3)/(Ci + 6 Ciy 2 + Ciy4), among which i + 2 is the maximum peak of n-alkanes with i corresponding I to odd and even member respectively (Scalan and
Smith, 1970);; Pr/nC,7: pristane/nC;; Ph/nCyg: phytane/nCyg; nC2/nCso: > nCa1/> Cao; C29208S: Cog-sterane aar20S/(20S + 20R); CagaBp: Cag steranes apB/ (oo + app); Ca1H: Ca1 hopanes 22S/(22S + 22R); Ts: Ts/(Ts

+ Tm); G/CszoH: Gammacerane/Czo-Hopane; C35/C34H: C3s-hopane/Cs4-hopane; Tri/H: Tricyclic terpane /Hopanes; DBT/P: Dibenzothiophene/Phenanthrene; Rcl = 0.55*MPI1 + 0.44 [55]; Rc2 =-0.166 + 2.242 x F1,

F1 = [(2-MP)+(3-MP)]/[(2-MP)+(3-MP)+(1-MP)+(9-MP)] [56].
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Formation in the Central Uplift (CU) of Dongying Depression. The SSNS
oils are featured by high density (0.9385 g/cm®-0.9553 g/cm®), high
viscosity (653.33 mPa.s-1500.46 mPa.s), low freezing point (—10 °C to
9.7 °C), and relatively high sulfur content (1.60 %-1.85 %), which are
also common characteristics of low-mature oil. The CU oils were
featured by relatively low density (0.8523 g/cm®-0.8976 g/cm®), low
viscosity (7.95 mPa.s-86.3 mPa.s, high freezing point (28 °C-35 °C), and
low sulfur contents (0.25 %-0.56 %), which were significantly different
from the SSNS oils. FT-ICR MS and GC-MS analyzed the samples, and the
results are shown in Tables 1 and 2.

3.1. GC-MS

After asphaltene precipitation, saturated hydrocarbons were frac-
tionated from crude oil on neutral alumina by n-hexane elution, and
then aromatic hydrocarbons were separated by n-hexane and dichloro-
methane mixed solution (volume ratio 1: 2) elution. GC-MS analyses
were performed using a Hewlett-Packard 5890 GC coupled to a Mass
Selective Detector fitted with an HP-1 fused silica column (30 m x 0.25
mm i.d. x 0.25 pm film thickness). For analyzing saturate fractions, the
GC column was held at 50 °C for 2 min, ramped to 100 °C at a rate of
2 °C/min and then to 310 °C at 3 °C/min, with a final temperature
holding time of 15 min. For analyzing aromatic hydrocarbons, the GC
column was held at 60 °C for 2 min, ramped to 150 °C at a rate of 8 °C/
min, and then to 320 °C at 4 °C/min, with a final temperature holding
time of 10 min. Helium as a carrier gas has the electron-impact ioniza-
tion (EI) energy of 70 eV [27].

3.2. FT-ICR MS analysis

Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) analysis, the first sulfur compound methylation experiment
sample preparation [47]. The crude oils 100 mg, three times methyl
derivatization reaction, each diluted with 2 mL dichloroethane sample,
adding 50 pL iodomethane, 2 mL 0.5 mol/L silver tetrafluoroborate
dichloroethane solution, ultrasonic shock mixing uniform, dark condi-
tions, standing for 24 h. Centrifuging the solution after the reaction,
removing the silver iodide precipitate, and extracting the remaining
materials with n-hexane to obtain a thiophenium salt solution.

The prepared samples were used for FT-ICR MS analysis. The in-
strument was Apex-Ultra 9.4 T type from Bruker, USA. The sample so-
lution was infused with positive-ion electrospray ionization (ESI) source
at 250 pL /h, —4 kV emitter voltage, —4.5 kV capillary column intro-
duced voltage, and 320 V capillary column end voltage by using a sy-
ringe pump. A hexapole DC voltage of ion is 2.4 V, RF 300 Vp-p; ions
accumulated time is 0.1 s. The optimized mass of Q1 was 250 Da. The
operating conditions of the quadrupole collision pool are 5 MHz, 400
Vp-p, and the ion accumulated time is 1 s. The transition time for
electrostatic focusing to convert ions into ICR was set to 1.1 ms. The
working conditions of ICR mass spectrometry are excitation attenuation
11.75 db, mass range 200-750 Da, data size 4 M, and time-domain
signal superposition 64 times. The data processing method is shown in
the literature [33,34].

3.3. Pearson’s correlation

The Pearson correlation coefficient [48] is also called Pearson
product-moment correlation coefficient (PPMCC). It describes the close
degree of connection between two fixed distance variables and is used to
measure the correlation (linear correlation) between two variables X
and Y. Its value is between —1 and 1. It is generally expressed by r, and
the calculation formula is.

nEXY — EXTY
\/ [NZX? — (2X)*] [NZY? — (2Y)?]

Iy
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Table 2

Parameters calculated by the results of positive-ion ESI FT-ICR MS for the oils and source rocks.
well Content/% A B C D E F

Ni51 0151 015> S1 Sz

H10-C8 0 0 0 100.0 0 0.569 0.549 0.129 0.060 1.826 1.343
S8X41 28.4 7.4 0 60.6 3.6 0.679 0.671 0.114 0.055 4.204 1.793
T76 0.0 39.9 0 52.2 7.9 0.569 0.756 0.184 0.057 2.930 0.836
G6-22 0.6 1.8 0 94.8 2.7 0.813 2.002 0.404 0.071 0.225 0.286
YX3 0.8 4.5 0 94.7 0.0 0.899 2.309 0.402 0.099 0.332 0.277
G9-19 0.9 2.3 2.1 90.4 4.3 0.784 1.628 0.366 0.067 0.293 0.377

Note: A: C20/(Cq9 + C21)-DBE;-S; (The ratio of Cyp homologs to C;9 and C2; homologs of the S; species with DBE = 1); B: C40/(C39 + C41)-DBE3-S1(The ratio of C4o
homologs to C3g and C4; homologs of the S; species with DBE = 3); C: Ca7_20/C10_55-DBEs-S; (The ratio of Coy_29 homologs to C;o_ss homologs of the S; species with
DBE = 5); D: C30/C10_55-DBE;-S1(The ratio of C3p homologs to C1o_ss homologs of the S; species with DBE = 1); E: DBEg _16/DBE; ;2,5 -S1 (The ratio of sum of DBE =
6-16 to that of the DBE = 1, 2, 5 of the S; species); F: C35/C34-DBE;_;7-S; (The ratio of C > 35 homologs to C < 34 homologs of the S; species with DBE = 1-17).

A: The SSNS oils: saline lacustrine oils
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Fig. 2. Total ion chromatograms (TIC) of saturate from crude oils.

nis the sample size; X and Y are the observed values of two variables.

If r > 0, the two variables are positively correlated; if r < 0, the two
variables are negatively correlated. 0.8 < |r| < 1.0 is highly correlated;
0.6 < |r| < 0.8 is strong correlation; 0.4 < |r| < 0.6 is moderate corre-
lation; 0.2 < |r| < 0.4 is weak correlation; 0.0 < [r| < 0.2 is extremely
weakly correlated or irrelevant.

4. Geochemical characteristics and classification of the crude
oils

4.1. Molecular compositions and oil families of the crude oils

4.1.1. Hydrocarbon biomarkers

Total ion chromatograms (TICs) from the saturate fractions of the
oils are shown in Fig. 2. Most oils had a bimodal distribution of n-alkanes
(nCy2-nCsy), suggesting both microbial and higher plant contributions
[49]. The long-chain n-alkanes likely have a higher plant origin,
although they can derive from other sources (e.g., Botryococcus braunii)
[50]. Oils located on the South slope of the Niuzhuang Sag (SSNS) in the
Dongying Depression have relatively low Pr/Ph values (0.2-0.3),
consistent with deposition in a hypersaline environment [28]; while the
Central Uplift (CU) freshwater lacustrine oils have higher Pr/Ph values
(0.9-1.3), indicating a weakly oxidizing to weakly reducing

environment [51]. The carbon preference index (CPI) and odd-even
predominance (OEP) values are 0.96-1.20 and 0.92-1.13, respectively,
showing no obvious trends. The nC3;/nC35 ratios of the SSNS oils and the
CU oils are 0.89-1.57 (average 1.34) and 0.73-1.04 (average 0.88)
(Table 1), respectively, which could be affected by kerogen type, ther-
mal maturity and second alteration.

The saline lacustrine oils in the South slope of the Niuzhuang Sag
have a significantly high amount of gammacerane (Fig. 3). The ratios of
gammacerane/Cgo hopane were 0.75-0.92 (average 0.86) (Table 1). The
generally high content of gammacerane in oils indicates saline condi-
tions or a stratified water column during source rock deposition [52].
Another distinguishing characteristic of the SSNS oils is an obvious
predominance of Cgs and C34 hopanes (C35/C34 = 0.66-1.22, average
0.95) (Table 1), which coincides with the features of typical saline
lacustrine oils. The CU oils exhibited lower ratios of gammacerane/Cs,
hopane (0.07-0.08) (Table 1) and C35/Cs4 hopane 0.58-0.63, average
0.60) (Table 1), suggesting that the source rocks were deposited in a
freshwater environment. No or little biodegradation of the crude oil was
interpreted from the TIC and m/z 177 mass chromatograms of the oil-
saturated fractions because there was no obvious depletion of n-al-
kanes or presence of Cy5 norhopanes.

The fingerprints of the Cy7, Cog and Cyg regular steranes in the SSNS
and CU oils showed either a “V” shape due to relatively low Cyg steranes
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A: The SSNS oils: saline lacustrine oils
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Fig. 3. Mass chromatograms of m/z 217and m/z 191 of saturates for crude oils.

(Fig. 3). Cyy steroids are indicative of algal input, while Cyg steroids may
come from both algae and higher plants [53]. A relative predominance
of Co7 axat (20R) to Cog axar (20R) for the crude oils, i.e., G6-22, YX3 and
G9-19, with a relatively low thermal maturity may reflect a higher
contribution of algae to the oil precursors (Fig. 3). The ratios of Cag-
sterane aan20S/(20S + 20R) and Cog-sterane ofp/(aax + apf) of the
SSNS oils are 0.24-0.38 and 0.24-0.32, respectively (Table 1), demon-
strating the these were low-mature oils (Fig. 4c). The Cyo-sterane
aax20S/(20S + 20R) and apf/(aoo + app) values of the CU oils ranged
from 0.42 to 0.61 and from 0.37 to 0.45, respectively, reflecting these
mature oils (Fig. 4c). However, the “low maturity” from the Cag-steranes
could be attributed to that sulfurization is more easily on Ca9-apff and the
transformation from Cg9-20R to 20S, because the diagenetic pathway of
such A7 sterols in hypersaline environments, might rapidly lead to the
formation of 20R and 20S 5a(H), 14p(H), 17p(H)- steranes [54]. Never-
theless, the Ts/(Ts + Tm) ratios for the SSNS and CU oils are in the
ranges of 0.25-0.34 and 0.36-0.57, respectively, suggesting relatively
low maturity of the former.

Aromatic hydrocarbons in the SSNS and CU oils are mainly
composed of naphthalene, phenanthrene, dibenzothiophene and triar-
omatic steranes (Fig. 4). Aromatics have polycyclic structure and high

thermal stability, which are often used to determine the thermal matu-
rity of samples. Equivalent vitrinite reflectance calculated from MPI1
(Rc1 = 0.55MPI1 + 0.44, suitable for Ro = 0.65 %—0.35 %; Rc1 = -0.50
x MPI1 + 2.27, suitable for Ro = 1.35 %—2.00 %) and Equivalent vit-
rinite reflectance calculated from F1 (Rc2 =-0.166 + 2.242 x F1, F1 =
[(2-MP)+(3-MP)]/[(2-MP)+(3-MP)+(1-MP)+(9-MP)]) [55,56] was
used to evaluate the maturity of the crude oils analyzed, respectively.
The Rcl and Re2 of the CU oils are in the ranges of 0.67 %-0.70 % and
0.60-0.65, respectively, which are consistent with the biomarker
maturity parameters. However, the equivalent vitrinite reflectances
values (Rcl and Rc2) for the SSNS oils are unnormally larger than that of
the CU oils, which are not consistant with biomarker indices and might
be something misleading (Table 1). Methylphenanthrene index migh be
unsuitable to calcurate equivalent vitrinite reflectance for the brackish-
saline oil with relatively low maturity.

4.1.2. Genetic types of crude oils

Two distinct groups of oils were identified based on biomarker pa-
rameters and related cross plots (Fig. 5a—-d). The SSNS oils (G6-22, YX3,
G9-19) and CU oils (H10-C8, S8X41, T76) are derived mixtures from
type I and II kerogen by the pristane/n-Cy7 versus phytane/n-Cig plot
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A:The SSNS oils
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B: The CU oils
DMNTvN
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, 2321.1-2350.9m
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Fig. 4. Total ion chromatogram of the aromatic from the oils in the Dongying Depression (MN: methyl-; DMN: dimethyl-; TMN: trimethyl-; TEMN: tetramethyl-
naphthalene; DBT: dibenzothiophene; MDBT: methyl-; DMDBT: dimethyl-; TMDBT: trimethyl-dibenzothiophene; P: Phenanthrene; mP: Methyl-phenanthrenes;

dmP: dimethyl-phenanthrene; TAS: triaromatic steranes).
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(Fig. 5a, Table 1). The cross plot of pristane/phytane (Pr/Ph) against
dibenzothiophene/phenanthrene (DBT/P) (Fig. 5b) was used as a pale-
oenvironment proxy [9]. The SSNS oils aggregated in section C, repre-
sent a saline lacustrine environment whereas the CU oils grouped in
section D indicate freshwater lacustrine facies (Fig. 5b). The parameters
Cog-sterane aoa20S/(20S + 20R) and Cyg sterane app/(aco + ofpp) are
the most commonly used indicators for less mature and mature oils. This
parameter shows that SSNS oils are low mature oil, CU oils are mature
oil (Fig. 5¢). The ratios of gammacerane/C3y hopane, and Tricyclic/
pentacyclic terpanes all divide the oils into two families (Fig. 5d).

The SSNS and the CU oils are due to two different oil families with
different source rocks (Fig. 2-5). The previous oil-source rock correla-
tion showed that the SSNS oils were mainly derived from the Es4 source
rocks deposited in typical brackish-saline lacustrine facies, while the CU
oils were derived from typical freshwater lacustrine facies [40,44].

4.2. Positive-ion ESI FT-ICR MS oil characterization

4.2.1. Composition and distribution of sulfur-containing compounds

Five sulfur-containing compounds, including S; (molecules with one
sulfur atom), 0151, 0551, Sp and N1 S; (Fig. 6), were detected in the crude
oils from the Dongying Depression by positive-ion ESI FT-ICR MS. The
dominant (in relative mass peak abundance) class species in the SSNS
oils is Sy (90.4-94.8 %, average 93.3 %), with quite a little or trace
amount of the species of 01S; (1.8-4.5 %, average2.9 %), N;S; (0.6-0.9
%, average 0.8), Sy (0-4.3 %, average 2.3 %), O1S2 (0-2.1 %, average
0.7 %), and N10;S; (Fig. 6a; Table 2). S; species also predominate in the
CU oils, ranging in 52.6-100 % (average 70.9 %), having a little higher
concentration of N;S; (average 9.5 %), 01S; (average 15.8 %) and Ss
(average 3.8 %) than those of the SSNS oils (Table 2; Fig. 6).

4.2.2. Composition and distribution of S; class species

The composition of S; class species in the crude oils analyzed by
positive-ion ESI FT-ICR MS is shown in Fig. 7. The double bond equiv-
alent (DBE) values and carbon numbers of the S; class species ranged
from 1 to 15 and from 10 to 54, respectively, in SSNS. CU oils have a
wider range of DBEs and carbon numbers, 1-17 and 10-57, respectively.

The S; species with DBEs of 0, 1, 2 and 3 are most likely to be cat-
eniform thioether series compounds, one cyclic thioethers, two cyclic
thioethers, and cyclic thioethers with three rings or thiophene series,
respectively. Higher DBE values mean more possible structures for
identified OSCs [29,33]. Some of the other compounds were benzo ho-
mologues of two cyclic-ring OSCs. As shown in Fig. 7, the lower abun-
dance of S; species with DBE = 0 indicates no or deficient concentrations
of alkyl OSCs in the SSNS oils and CU oils. The content of DBEs is related
to maturity. From SSNS oils (low mature oils) to CU oils (mature oils),
the main peak of DBE shifted from DBE = 1 to DBE = 6 (Fig. 7a-f), that
is, the value of DBEs increased with the increase of maturity. Relatively
high concentration of the S; species with DBE < 8 presented in the SSNS
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oils, indicating that the content of compounds with low stability is
higher and the maturity is lower; S; species with relatively high DBEs
were detected in CU oils (Fig. 7a—f), reflecting probably a relatively high
thermal maturity.

Sulfur compounds are typical heteroatoms in crude oil. They are
usually formed by the combination of inorganic sulfides (S, HS", HS;, and
$2) with hydrocarbons and carbohydrates containing active functional
groups (such as carbon-carbon double bonds) during early diagenesis
[58,59]. Organic sulfur compounds are structurally similar to these
hydrocarbons and carbohydrates. OSCs with a special structure related
to the sedimentary environment. For instance, the abundance of Cyp
with DBE = 1 in SSNS oils is very high (Fig. 7g-i, m-o0), which was
possibly derived from phytol via intramolecular sulfurization and hy-
drogenation [26,33]. Therefore, the carbon skeleton of Coo with DBE =1
in the SSNS oils is similar to that of phytanic acid and phytol, which is
consistent with high abundant phytane judged by GC-MS analysis.
Similarly, the high abundance of C49 with DBE = 3 (Fig. 7g-i, m-o)
could be derived from the p-carotane via intramolecular sulfurization
and hydrogenation during early diagenesis [32]. Terpenoid sulfides are
commonly found in low-mature oil, and isoprenoids containing Cyo and
C49 are predominant (The possible structure of the compound is shown
in Fig. 7h, g). The detected Cs sulfide is a single ring terpenoid sulfide of
the squalane skeleton. The bio-precursor of C3yp-DBE; sulfide detected in
this study is squalene [4,12]. In addition, a higher percentage of C19-Ca2
and Cqe-C3p in SSNS and CU oils (Fig. 7) is precisely consistent with the
carbon numbers of short-chain steranes and regular steroids by GC-MS
analysis. Due to the widespread sulfurization of steroids in many com-
pounds in sediments, only steroids have more double bonds, hydroxyl
groups and carbonyl groups [60]. These groups are easy to combine with
inorganic sulfur, resulting in natural vulcanization. Therefore, C;9-Ca2
and Cy4-C3p have similar carbon skeletons to steroids and the possible
structure of the compound is shown in Fig. 7i.

5. Controls and implications of sulfur-containing compounds
5.1. Sedimentary environment and oil-oil correlation

With the development of FT-ICR MS, the understanding of organic
sulfur compounds has become more comprehensive, and many OSCs
with structural units have been identified. Sulfur-containing structural
units in geological macromolecules are generally related to the sedi-
mentary environment, showing distinct biological inheritance signs.
Therefore, these OSCs have great potential as molecular indicators for
the sedimentary environment and oil-oil correlation.

OSCs with a wide range of DBEs and carbon numbers in crude oil are
generally produced by their corresponding non-sulfur compounds
(heteroatomic compounds without sulfur). In SSNS oils, a relatively high
peak of OSCs is Cyp compounds with DBE = 1 (Fig. 7m-o0) abundance of
Co0H43S; (Structure in Fig. 7f), which is similar to the carbon skeleton of
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phytol and reflects the reduction environment. Compared with CU oils,
the peak of C39-DBE; sulfide with a bio-precursor of squalene is also
higher in SSNS oils (Fig. 7), reflecting a strictly anaerobic condition. The
abundance of C49 compounds with different DBEs is very high in SSNS
oils. These compounds are similar to the p-carotane skeleton structure of
the cyclic sulfide compounds, reflecting pigment source or salt-lake
facies deposition. The carbon number is Cpg-C3p compounds with DBE
= 5 sulfur compounds, which are thioether steranes, reflecting organic
input.

Therefore, organic sulfur compounds with special structures can be
used for oil-oil correlation. As shown in Fig. 8, these parameters (e.g.,

C20/(C19 + C21)-DBE;-S1, C40/(C39 + C41)-DBE3-Sq, C30/C10-55-DBE1-Sy,
Co7—29/C10-55-DBEs-S1) can be used for oil-oil correlation, and the
comparison results are the same as those of GC-MS analysis. Although
there are few samples, significant differences in the structure of some
organic sulfur compounds between freshwater and saline crude oil
samples can also be observed (Figs. 7 and 9). It shows that ESI-FT-ICR
MS analysis has the potential to distinguish different types of lacus-
trine samples.
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5.2. Novel maturity indices

After forming organic OSCs, they will undergo a series of physical
and chemical changes, providing geochemical maturity indicators. The
Cog-sterane aoa20S/(20S + 20R) and Cag-sterane app/(aao + afpp)
values of six crude oil samples were 0.24-0.61 and 0.24-0.45, respec-
tively, and the maturity was low mature to mature. Due to the low
abundance of N1S;, 0157, 0152 and S in crude oil samples, these com-
pounds have changed slightly with maturity. For this study area, the
abundance and distribution of compound classes in the crude oil sam-
ples did not reflect the strong maturity difference between the sample
series.

Fig. 9 shows the relationship between the abundance of DBEs and
maturity. It can be seen from the figure that the relative abundance of
DBE =1, 2, 3, 5 is negatively correlated with maturity, while the relative
abundance of DBE = 4, 6-17 is positively correlated. That is to say, the
abundance of OSCs in high DBEs was positively correlated with matu-
rity, while the OSCs in low DBEs were negatively correlated with
maturity. This is because, with the increase of maturity, high DBEs were
formed from those with low DBEs through cyclization of alkyl side
chains and aromatization [4]. The effect of thermal maturity can be
amplified by a selective comparison of the relative abundance of DBE
values. DBEg 14/DBE;j,2,5-S; has a good correlation with thermal
maturity (Cgo-sterane aca20S/(20S + 20R), Cag-sterane offl/(coar +
afp)) (Fig. 10a-b). So DBEg—16/DBE12,5-S1 can be used as a maturity
parameter.

Figs. 11, S2-S4 show the linear correlation coefficient between
maturity and the proportion of S; with carbon number ranges of C;¢-Cg,
respectively, in the DBE range from10 to 17. It can be seen from Figs. 11,

S2 and S3 that maturity is negatively correlated with sulfur compounds
with low carbon numbers (C;o-C34) and positively correlated with
organic sulfur compounds with high carbon numbers (C35-Cgp). This is
due to a series of reactions of violence/thianes to thiophenes to benzo[b]
thiophenes to dibenzothiophenes resulting in an increase in carbon
numbers in low-mature to mature oils as maturity increases [4]. This
study area’s maturity of crude oil is relatively low, which explains that
maturity is positively correlated with high-carbon organic sulfur com-
pounds. In the higher thermal evolution stage, as maturity increases,
thermally induced side-chain cracking leads to the loss of aliphatic hy-
drocarbons, i.e., reducing sulfur compounds with high carbon numbers
in mature to highly mature oils. Nitrogen- and oxygen-containing
compounds [31,32] also observed similar phenomena. Further studies
are underway to reveal the evolution trend of carbon numbers at high to
high maturity levels.

Compared to conventional maturity parameters, the newly devel-
oped ratios reported below not only represent the transformation from
one compound to another, but also reflect the factors of thermally-
induced cyclization, aromatization of hundreds or thousands of com-
pOllI'ldS. Because Cl()-C14, C15-C19, C20-C24, C25-C29 and C30-C34 with
DBE = 1-17 are negatively correlated with GC-MS maturity parameters,
respectively, and C3s5-C3g, C49-C44, C45-C49, C50-Cs4, C55-Cgo with DBE =
1-17 are positively correlated with GC-MS maturity parameters,
respectively (Fig. 11; Y-axis is 1-17). Therefore, New maturity param-
eters include the ratios of compounds with carbon numbers from C;¢-Cs4
to C35-Cgo in DBE ranging from 1 to 17. The novel maturity index is
defined as C35/C34-DBE;_17-S1, showing a very good correlation with Ts/
(Ts + Tm) and Cag-sterane ofip/(aaa + app) (Fig. 10c-d).

Novel thermal maturity and oil-oil correlation parameters by organic
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Fig. 10. Cross plots of positive-ion ESI FT-ICR MS indices versus GC-MS parameters for the oils.

sulfur compounds are highly precise and widespread applications in
petroleum exploration. We suggest that these development parameters
are more suitable for the same type of regions with a low maturity range
and need to be slightly adjusted for different regions.

5.3. Thermochemical sulfate reduction (TSR)

TSR involves hydrocarbons coupled to the reduction of sulfate in
relatively hot (>1200C) deep carbonate gas reservoirs. In this process,
sulfate is reduced to HjS, resulting in elevated H,S concentrations (>10
%) [61-65].

Clastic rocks, were well developed in the Dongying Depression, and
the oils were shallow buried (1674.8-3461 m) with reservoir maximum
temperatures not reaching 120 °C, according to the burial history and
well testing data [66-68]. In addition, the Dongying Depression reser-
voir shows an oil layer or oil-water layer, with no sulfate reduction
product HjS. Thirdly, the 534S values of SSNS (G6-22, YX3, G9-19) and
CU (H10-C8, S8X41) oils are 19.31 %0—27.45 %o and 16.30 %0o—24.81 %o
(unpublished data), respectively, showing little variance among isomers
(Fig. 12). Since the difference of §3S between the SSNS and CU oils and
or among the isomers of OSCs in the same crude oil is not obvious, we
suggest that TSR alteration in this study is slight or negligible. Further
investigation is under the way. Contents of organic sulfur compounds in
SSNS and CU oils are significantly different, controlled by sedimentary
environment and maturity.

6. Conclusions

The molecular composition of organic sulfur compounds in petro-
leum samples was selectively characterized through positive-ion ESI FT-
ICR MS analysis. S; (dominant), 0151, Sy, O1S2 and N1S; class species
were all detected in low-mature to mature oils deposited under saline

10

and freshwater lacustrine conditions in the Dongying Depression in the
Bohai Bay Basin, China. The structure of sulfur compounds is jointly
controlled by thermal maturity and hydrocarbon sources. As maturity
increases, condensation/aromatization increases, and the number of
high-carbon OSCs increases, which are in low-mature to mature oil.
Novel parameters based on the relative abundances of the carbon
number and DBE ranges (e.g., DBEg_16/DBE12,5-S1, Cd5/C34-DBE1_17-
S1) may be useful as maturity indicators. The OSCs, in most cases, are
characterized by their structural resemblance with well-known geolog-
ically occurring hydrocarbons and their biochemical precursors, which
can be used to study organic input. Other parameters, based on the S-
compositions of specific C-numbers, show a relationship with orga-
nofacies (e.g., C20/(C19 + C21)-DBE;1-S1, C40/(C39 + C41)-DBE3-S1, C30/
C10-55-DBE1-S; and Cg7_29/C1¢_55-DBEs-S1), which can be used to pro-
vide index values for oil-oil and oil-source correlation.
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Fig. 11. Percentage content of macromolecular sulfur
compounds-to-Cao-sterane aff/(xax + ofp) comparisons
using Pearson’s correlation are represented numerically by
|r|-values and in shades of red (positive correlation) and
blue (negative correlation) in SSNS and CU oil. (For
example, in Fig. 11, the X-axis is 10-15, and the Y-axisis 1,
representing the positive correlation and the correlation
coefficient r = 0.33 between the percentage content of
sulfur compounds with Cjo_15-DBE; and the maturity
parameter of Cpg-sterane app/(aaa + ofp). (For interpre-
tation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 12. Distribution pattern of compound specific sulur isotope of the curde oils.
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